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Abstract 
 
Synthesis and Characterization of Luminescent Cyclic Germanium Compounds  
 The vision in the field of organic electronics is the realization of flexible, easily 
manufactured, low cost optoelectronics for use in organic light emitting diodes (OLEDs) 
for large area displays and lighting applications, organic photovoltaic cells, and organic 
field-effect transistors. The active layers within such devices are composed of 
semiconducting small molecules or polymers. The rich chemistry of new π-conjugated 
materials holds the key to continued progress by allowing the material properties of 
organic semiconductors to be readily tuned towards application specific demands.  
In order for these materials to be useful in device applications, they must exhibit 
high stability, electron mobility and quantum efficiency. The challenge lies in the fact 
that few organic compounds exhibit these characteristics in the solid state. Many organic 
molecules experience aggregation-caused quenching (ACQ) of light emission in the solid 
state as a result of interactions with neighboring molecules which promote the formation 
of excimers which decay non-radiatively. 
 At the core of this subject matter is how to modify their electronic structures such 
that they produce desirable photophysical and optical properties necessary for solid state 
applications. Hence, this field is essentially synthetically driven to meet the ever-growing 
demand for new fluorescent molecules with properties which can lead to improvements 
in device performance. Significant research has been reported on the syntheses and 
properties of π-conjugated Group 14 containing molecules over the last two decades for 
their unique aggregation-induced emission (AIE) whereby a non-emissive chromophore 
  
is induced to emit light by the formation of aggregates as well as optoelectronic 
properties resulting in long wavelength absorption and photoluminescence. The research 
presented herein was focused on the synthetic development of germanium-containing 
semiconductors which could serve as platforms for further investigations of the properties 
of the electronic structures of these isolated molecules. Based on the current 
understanding of the AIE photoluminescence processes, structural features prevalent in 
these systems were incorporated into the π-conjugated frameworks of several germanium 
heterocycles in hopes of enhancing their ability to emit with high efficiency in the solid 
state.  
Figure A- 1. Molecular structures of germanium compounds targeted for investigation: 
germoles, germafluorenes, and germanium fluorescein analog respectively.  
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Chapter I 
 
1.1   Introduction 
The vision for the field of organic electronics is the realization of flexible, easily 
manufactured, low cost optoelectronics materials for use in organic light emitting diodes 
(OLEDs) for large area displays and lighting applications, organic photovoltaic cells, and 
organic field-effect transistors. The active layers within such devices are composed of 
semiconducting small molecules or polymers. The rich chemistry of new π-conjugated 
materials holds the key to continued progress by allowing the material properties of 
organic semiconductors to be readily tuned towards application specific demands. Hence, 
this field is essentially synthetically driven to meet the ever-growing demand for new 
fluorescent molecules with properties that can lead to improvements in device 
performance. The research presented herein has focused on the synthetic development of 
germanium-containing semiconductors which could serve as prototypes for further 
investigations of the properties of the electronic structures of these molecules. As a 
starting point, a fundamental understanding of the basic concepts of fluorescence, OLED 
design aspects, and the types of conjugated molecules employed in the active layers of 
these devices is briefly summarized.  
1.2   Fluorescence 
The term photoluminescence typically applies to both fluorescence and 
phosphorescence. Both phenomena are similar in that excitation of a molecule occurs 
when a photon (a quantum of light energy) is absorbed. When a photon is absorbed, an 
electron within the molecule is excited to a higher energy level (Figure 1-1). The 
2 
 
promotion of an electron to a higher vibrational energy level produces either a singlet or a 
triplet state. In an excited singlet state, the spin of the promoted electron is still paired 
with its ground state (S0) electron. In the excited triplet state, the spins of the two 
electrons are unpaired. In fluorescence, the electronic energy transition responsible for 
the light emission does not involve a change in electron spin. In other words, it is 
radiation produced by an allowed transition from an excited singlet state (S1) to the 
ground state. As a result, fluorescence occurs very rapidly (<10
-5
 s). The color of the 
fluorescence depends on the wavelength of the visible light emitted. This is in contrast to 
phosphorescence whereby radiation is produced by a transition from an excited triplet 
state (T1) to the ground state which involves a change in electron spin. A triplet excited 
state is considered a low probability event (also referred to as a forbidden transition) 
which results in an emission that lasts for several seconds or longer (10
-4
 to 10 s).
1
 
 
Figure 1-1: A simplified energy diagram for photoluminescence
2
 
 
Absorption of a photon of radiation by a molecule occurs very rapidly (10
-14 
to 
10-
15
 s) while the emission of the photon occurs at a slower rate. Hence, the lifetime of 
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the excited state is inversely related to the molar absorptivity. Fluorescence lifetime 
refers to the average time the molecule stays in the excited state before emitting a photon. 
Molar absorptivity can be described as the probability that a transition could occur in 
either direction. For strongly absorbing molecules, the molar absorptivity associated with 
the excitation process will be large (10
3
 to 10
5
 range) and the lifetime of the excited 
species will be short (10
-7
 to 10
-9 
s). For weakly absorbing molecules, the lifetimes can be 
as long as 10
-6
 to 10
-5 
s.
3
 In the case of phosphorescence, where the probability of the 
transition process is low, the lifetime of the excited species is even longer which accounts 
for why light emission due to this process lasts for a longer period of time. 
An excited molecule can return to its ground state through a number of processes; 
however, the emission of the absorbed photon will generally occur via the pathway which 
minimizes the lifetime of the excited state. This involves a series of rapid vibrational 
relaxations and internal conversions which are radiationless processes. Vibrational 
relaxation is the highly efficient transfer of energy during collisions with other excited 
molecules or solvent. Internal conversions, which are less understood, encompass the 
intermolecular processes associated with transitioning to lower energy vibrational states. 
Both of these processes are highly efficient and as a result, there are relatively few 
compounds that fluoresce. 
There are many vibrational energy levels associated with the electronic states of a 
molecule to which the excited species can transition. When fluorescence does occur, it is 
produced by a transition from the lowest vibrational level of an excited state.  Ultimately, 
the electron will transition to the lowest vibrational level of the ground state. The 
efficiency of this vibrational relaxation process results in light emission at a longer 
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wavelength than that of the photon which was originally absorbed. This shift towards a 
longer wavelength which is lower in energy is referred to as the Stokes shift. 
1.3   Variables that affect fluorescence 
Photoluminescence is restricted to a small number of molecules that possess 
structural and chemical features which can slow the rate of radiationless processes so that 
emission by fluorescence and phosphorescence can compete kinetically. These variables 
influence the ability to luminesce as well as the intensity of that luminescence. Intensity 
and brightness of the fluorescence are the general terms ascribed to quantum efficiency. 
Quantum yield or efficiency reflects the ratio of the number of photons that are emitted to 
the total number of photons absorbed. The maximum fluorescence quantum yield is 1.0 
(100%). In other words, every molecule that absorbs a photon emits a photon of light. 
Highly fluorescent molecules such as fluorescein are said to have quantum efficiencies 
that approach unity (1.0). However, molecules with a quantum efficiency of 0.10 are still 
quite fluorescent. Non-emissive molecules have a quantum efficiency of zero.
3 
All organic molecules can absorb radiation since they possess valence electrons 
that are capable of being excited to a higher energy level. Hence, the wavelength of the 
absorption maxima is related to the types of bonds within the molecule. The energy of the 
absorbed photon is particularly important as radiation below 250 nm can rupture many 
bonds within organic molecules. As a consequence, absorption of longer wavelength 
radiation is limited to a few unsaturated functional groups referred to as chromophores 
which possess n- or π- bonding electrons with low excitation energies. In other words, 
fluorescence is typically produced by low energy π-π* transitions and to a lesser extent n-
π* transitions. The quantum efficiency of π-π* transitions is greater than that of n-π* 
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transitions because the molar absorptivities associated with these transitions are larger 
which means that the lifetime of the excited species is shorter. Additionally, intersystem 
crossing processes which result in the formation of a triplet excited state are less likely to 
occur during π-π* transitions as more energy is required to unpair the electrons in the π* 
excited state.
3 
Due to the requirements for the transitions necessary for fluorescence, the 
majority of fluorescent compounds are highly conjugated and possess multiple aromatic 
functional groups that are commonly fused to increase rigidity or that contain 
heteroatoms. The reasons for the occurrence of these features are as follows. Conjugation 
delocalizes the π-electrons and lowers the energy of the π* orbital. This delocalization 
reduces the anti-bonding character of the orbital and displaces the absorption maxima 
towards longer wavelengths (referred to as red shifting) bringing the peaks into the 
spectral region between 200 to 700 nm. Conjugation also promotes an additive effect of 
the absorption of multiple chromophores within a molecule which can increase the extent 
of the red shifting. Higher quantum efficiency has been correlated with an increase in the 
number of aromatic functional groups present in a molecule as well as their degree of 
condensation. Simple heterocycles such as pyridine (Figure 1-2 A) do not exhibit 
fluorescence; however, fusion of additional ring systems to the heterocycle such as in 
quinolone (Figure 1-2 B) can increase the molar absorptivity making fluorescence 
possible.
3 
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Figure 1-2: Molecular structures of pyridine (A) and quinolone (B) 
 
Conjugated molecules are sensitive to the functional groups to which they are 
bonded. Hence, substitution of the aromatic segments within these molecules affects not 
only the quantum efficiency but the wavelength of the absorption maxima. Quantum 
efficiency appears to increase as the ring systems increase in rigidity. When comparing 
the quantum efficiency of fluorene (Figure 1-3 A) to that of biphenyl (Figure 1-3 B), the 
efficiency is nearly five times higher which is attributed to the presence of the methylene 
bridge. Lack of rigidity increases the probability of internal conversions, which as 
mentioned earlier are radiationless processes.
3
   
 
Figure 1-3: Molecular structures of fluorene (A) and biphenyl (B) 
 
The chemical environment also has a significant influence on the quantum 
efficiency of a molecule. Some of these variables include temperature, solvent, pH, and 
concentration. An increase in temperature as well as a decrease in the viscosity of the 
solvent can lead to increased molecular interactions. The number of collisions between 
molecules increases under these conditions and can increase the probability of 
deactivating the excited state by a radiationless process such as external conversion. 
External conversion or collisional quenching is the transfer of energy between the excited 
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species and other molecules such as solvent or another solute in the solution. 
Additionally, solvents containing heavy atoms such as halogens decrease quantum 
efficiency since increased orbital spin interactions in these systems promote the 
formation of a triplet excited state. Changes in pH can affect both the quantum efficiency 
and the absorption maxima in chromophores which possess functional groups such as 
amines, phenols, sulfonates, or carboxylates that can be converted between their ionized 
and non-ionized forms. The absorption maxima are shifted as a result of multiple 
resonance forms that stabilize the first excited state (S1) of the molecule. High 
concentration is correlated to self-quenching, self-absorption, and aggregation caused 
quenching which are processes that decrease quantum efficiency. Self-absorption occurs 
when the emission wavelength overlaps the absorption maxima resulting in reabsorption 
of the emission by other fluorescent molecules. Self-quenching is the radiationless 
transfer of energy during collisions between excited molecules.
3
 Aggregation caused 
quenching (ACQ), which is described in more detail in Chapter 2, is a phenomenon that 
involves π-π stacking interactions between aromatic segments of molecules.  
1.4   Electroluminescence 
The term electroluminescence refers to the emission of light produced by 
electrical excitation.  Development of organic thin film electroluminescence which is the 
basis of light-emitting diodes (LEDs), transistors, and photodiodes has been intensively 
pursued as a result of the work of Tang and Van Slyke who demonstrated green 
luminescence from a two layer device configuration using an aromatic diamine as the 
hole transporting material and 8-hydroxyquinoline aluminium (AlQ3) as an emissive 
layer.
4
 Fluorescent (FL) molecules which exhibit highly efficient red, blue, and green 
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light emission are in great demand for use as the active emitters in OLED full color 
displays.  
1.5   OLED configurations 
An organic LED (OLED) is a solid state semiconducting device whose basic 
configuration consists of a transparent substrate, two electrodes, and usually multiple 
layers of organic molecules or polymers (Figure 1-4). A brief explanation of the 
configuration layers is as follows.
1
 
 
Figure 1-4: Basic configuration of an OLED
5
 
 
Substrate: A high work function material such as glass, plastic, or metal foil. 
Electrodes are selected based on their ability to aid charge injection which requires 
tunneling through a barrier at the interface. 
Anode: The anode injects holes into the organic layers and consists of a high work 
function material such as indium-tin oxide (ITO). 
Cathode: The cathode injects electrons into the emissive layers and consists of low work 
function metals such as aluminum, magnesium, and calcium or their alloys.  
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Hole injection layer (HIL): This layer is composed of materials with high electron 
mobility, electron blocking capacity, and high glass transition temperatures.  
Hole transport layer (HTL): This layer is composed of materials that transport holes and 
block electrons from reaching the opposite electrode without recombining with holes. 
Emissive layer (EML): This layer is composed of organic molecules or polymers with 
high efficiency, lifetime, and color purity that are responsible for the emission of light. 
Electron transport layer (ETL): This layer is composed of materials that transport 
electrons to the emissive layer and block holes. 
1.6   Mechanism of light emission in OLEDS 
OLEDs operate by the injection of electrons and holes from negative and positive 
electrodes, respectively. When a voltage is applied to a diode in the forward direction, 
current flows through the device. Excited electrons are injected into the lowest 
unoccupied molecular orbital (LUMO) of the emissive layers forming negative charge 
carriers (radical anions) by the cathode. Electrons are removed by the anode to generate 
positive charge carriers (radical cations) which are referred to as holes in the highest 
occupied molecular orbital (HOMO). In addition to having the appropriate HOMO-
LUMO energy levels, the materials which make up these layers must have good injection 
and transport properties. A chromophore with a low electron affinity makes electron 
injection difficult while a low HOMO results in insufficient hole injection. The injected 
electrons are transported by the materials that composed the electron transport layer to an 
interface between the emissive and transporting layers (Figure 1-5). The holes are 
transported from the anode through the hole transporting layer to this interface. The 
injected electrons and holes capture one another near the interface in the emissive layer. 
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The two species recombine on a single molecule to form a neutral, bound excited state 
called an exciton. Fluorescence is then produced by the radiative decay of the singlet 
state of the exciton.
6
  
 
 
Figure 1-5: Mechanism of light emission in OLEDS
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The color of the fluorescence depends on the type of molecules in the emissive 
layer. The emission color reflects the energy difference between the HOMO and LUMO 
orbitals (the band gap) of the molecule emitting the photon. Hence, the color of the 
fluorescence can be altered by changing the identity of the organic molecules that 
compose the emissive layer. The quality of the color of the fluorescence can be evaluated 
by three separate standards: Commission Internationale de L’Eclairage (CIE) coordinates, 
the color rendering index (CRI), or the correlated color temperature (CCT). Typically the 
color of the light emission is characterized by the CIE coordinates (i.e. the (x,y) numbers) 
which is based on how the human eye perceives the color.
7
 The intensity or brightness of 
the light emission is regulated by the amount of voltage applied to the OLED. The more 
current that is applied to the device the greater the intensity. 
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The light that is generated by an OLED can exit the device by several avenues. 
An external mode allows the light to exit through the substrate in a forward viewing 
direction. A substrate-wave guiding mode allows the light to exit through an air / 
substrate interface to the cathode. An organic-wave guiding mode releases the light 
through a high-refractive index organic layer. In conventional OLEDS only ~20 % of all 
the light generated in a device is released and this is mainly through external modes.
2
  
1.7   General operating parameters 
The operational performance of the OLED is evaluated using several general parameters. 
Brief descriptions of these parameters are as follows.
7
 
Current density J (A m
-2
): This parameter describes the intrinsic electrical properties of 
the device. 
Luminance (cd m
-2
): This parameter describes the amount of light that is emitted from the 
OLED surface. 
Onset voltage Vonset: This parameter describes the amount of voltage required to turn the 
device on and corresponds to a particular luminance. 
Current or luminous efficiency ηc (cd A
-1
): This parameter describes the ratio of the 
luminance (cd m
-2
) of the emitted light to the consumed current density (A m
-2
). 
Power efficiency ηp (lm W
-1
): This parameter describes the ratio of the output luminous 
flux (lm) to the consumer electric power (W). 
Internal Quantum efficiency (ηint):  This parameter describes the number of photons that 
are generated per charge carrier within the device. 
External Quantum efficiency (ηext): This parameter describes the number of photons 
emitted per charge carrier. 
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Lifetime: This parameter describes the time it takes for the luminance (cd m
-2
) of the 
device to decrease to half of its original value under continuous operation. 
A fluorescent molecule can exhibit an internal quantum efficiency (ηint) up to 25% which 
translates into an external quantum efficiency (ηext) of 5%.  
1.8   Efficiency and Stability 
For high performance OLEDs, there are several significant issues that must be 
considered during the development of materials for these applications. These issues 
revolve around improving carrier mobility, air-stability, lifetime, and high 
photoluminescence quantum yield in the solid state.  Carrier mobility is particularly 
relevant to the electron-hole capture process, which is referred to as recombination and 
affects the overall device performance. The exciton which forms during the 
recombination process can be either a singlet or triplet excited state. Fluorescence is 
observed from the singlet state exciton; triplet excitons do not produce light to any 
considerable extent within these systems. Since the excited state exciton is bound, this 
confinement results in an energy gap between the singlet and triplet states (i.e. the 
exchange energy). If this energy gap is large then conversion of the triplet to singlet 
excited state has a low probability of occurring. Since the electron-hole capture process is 
spin independent, the triplet and singlet states form in the ratio 3:1. As a consequence, 
roughly three-fourths of the electron-hole pairs form triplet excited states which do not 
decay radiatively. This impacts the internal quantum efficiency of these devices and is 
determined by an equation which relates the ratio of the number of excitons formed to the 
number of electrons flowing in the external circuit, the number of singlet excitons 
formed, and the efficiency of the radiative decay by the singlet excitons.
4
 Since the 
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efficiency of the device is limited to ~25 % by the statistical triplet-singlet ratio, values 
above 20 lm W
-1
 for green and  6 lm W
-1
 for blue light emission are considered high.  
Hence, the carrier mobility of the molecules which make up the transporting and emissive 
layers becomes very significant. Carrier mobility refers to how quickly an electron or 
hole can move through the semiconductor when pulled by an electrical field.  
Another important performance characteristic for OLEDs is device lifetime which 
encompasses both operational and storage life. For most electronic applications, an 
operational lifetime of 10,000 hours and a shelf-life of five years or more are required. 
Many of the molecules that make up the conducting and emissive layers are prone to 
photoxidation in the presence of water and oxygen.
8
 This is particularly problematic as 
exposure to air is unavoidable in device applications. Oxygen acts as an electron trap and 
decreases the carrier mobility which ultimately affects the device efficiency. As a result, 
these materials are said to exhibit dispersive carrier transport.
9
  
The photoluminescence (PL) properties of the emissive materials depend on the 
optical and electrical properties of the individual FL molecules. They also are influenced 
by the intermolecular interactions in the solid state which can occur in the bulk material 
as well as at the interfaces between layers. Many molecules that are highly fluorescent in 
dilute solutions exhibit reduced quantum efficiency or red shifting of the emission 
wavelength in the solid state. This is a result of increased intermolecular interactions in 
the condensed phase that leads to the formation of exciplexes that is related to the 
HOMO-LUMO energy levels of the molecules.
6 
This phenomenon is collectively referred 
to as aggregation-caused quenching (ACQ) and is prevalent in FL molecules with 
aromatic moieties.
10
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1.9   Materials  
The active components in organic electronic devices such as OLEDs are thin 
films. These thin films consist of tightly packed ensembles of small molecules or polymer 
chains. The properties of these ensembles determine the device’s performance and are 
ultimately determined by the single molecule properties within these systems. Π-
conjugated organic materials are regularly used as the active components in electronic 
devices and as a result, considerable attention has been devoted to their development. 
Their optical and electronic properties are defined by a combination of their molecular 
structures and the nature of the intermolecular electronic coupling which occurs within 
the film. The interplay between molecular structure and solid state packing, thin film 
growth, and morphology are important considerations. Hence, there are two main issues 
which have to be addressed in the design of the π-conjugated molecules: charge transport 
properties and strong luminescence.
11
  
The charge transport properties of π-conjugated materials are significantly 
impacted by the molecular packing within the thin film. The nature of the intermolecular 
interactions that occur in these solid films is determined by the relative proximity and 
orientation of neighboring molecules. In planar π-conjugated materials, an increase in the 
overlap of the π-orbitals of adjacent molecules results in delocalization of the excitons. 
Delocalization of the excitons reduces the activation barrier for charge transport causing 
an increase in charge carrier mobilities. The film morphology in the majority of device 
applications is disordered and amorphous.
12
 The random positions and orientations lead 
to carrier build up on the individual molecules. As a consequence, the charge transport 
mechanism in amorphous solids generally occurs by charges hopping between 
15 
 
molecules.
13
 The hopping mechanism can be viewed as a one-electron reduction of the 
neutral molecule accompanied by oxidation of its anion. This requires that the molecules 
exhibit a high electron affinity (Ea) in order to form a stable anion in the solid state.
14
 
There exists a delicate balance, however, between these intermolecular interactions. If 
there is significant π-orbital overlap between adjacent molecules provides new pathways 
for the non- radiative decay of the excitons. These alternate pathways compete with 
routes which produce light. The result is the quenching of solid state luminescence 
(ACQ). 
The effects of intermolecular electronic coupling on the photophysical properties 
of π-conjugated molecules within solid films have also been explained by the exciton 
coupling theory (Davydov splitting). Theoretical calculations describe the splitting of the 
exciton into two different energy levels depend on the arrangement of molecules within 
the solid film. Transition to an upper energy level is allowed for molecules that are 
arranged in a co-facial configuration (i.e. stacked on top of one another); this is referred 
to as an H-aggregate.  A transition to a lower energy level is allowed for molecules 
arranged in a head-to-tail configuration (J-aggregate). In co-facial configurations, the 
lowest excited state is not optically coupled with the ground state; as a result, the 
transition to the higher energy level of the exciton band is followed by rapid interband 
relaxation which significantly reduces the fluorescent quantum efficiency. If the 
intermolecular distances between molecules are less than 4 Å
 
then fluorescence is 
quenched. Hence, H-aggregates are generally non-fluorescent. In J-aggregates, the 
electronic excitation is delocalized over several molecules. In these systems, π-orbital 
overlap between adjacent molecules is sufficient to allow the delocalization to produce 
16 
 
cooperative mechanisms which result in strong light emission.
15
 Therefore, π-conjugated 
materials with staggered arrangements of the molecules are ideal candidates for organic 
device applications as they exhibit both high luminescence and charge transporting 
properties. 
1.10   Group 14 π-conjugated materials 
Continued progress in organic electronics relies heavily on the development of 
new π-conjugated materials that exhibit high stability, electron mobility and quantum 
efficiency. The challenge lies in the fact that few organic compounds exhibit these 
characteristics in the solid state. At the core of this subject matter is how to modify the 
electronic structures such that desirable photophysical and optical properties necessary 
for solid state applications are produced. 
 The development of efficient luminescent materials has led to the emergence of a 
class of π-conjugated heavier Group 14 containing molecules. These systems are unique 
in that the orbital interaction between the Group 14 element and the conjugated 
framework results in varied electronic structures that produce desirable optoelectronic 
properties.  Many of the unique attributes of Group 14 heterocycles are due to the 
presence of a low lying LUMO that results from the interaction between the π* orbital of 
the butadiene and the σ* orbital associated with the two exocyclic bonds on the Group 14 
atom.
16
 As a result, many Group 14 derivatives exhibit exceptional high electron 
mobilities and electron affinities.
14, 17
  
One of the most intensely developed classes of Group 14 heterocycles are 
silacyclopentadienes or siloles. One example within this class which demonstrates their 
excellent electronic properties is 2,5-bis(6’-(2’,2”-bipyridyl))-1,1-dimethyl-3,4-diphenyl 
17 
 
silole whose electron mobility lies in the range of (9 x 10
-5
) to (2 x 10
-4
) cm
2
 / Vs (Figure 
1-6).  
 
Figure 1-6: Molecular structure of 2,5-bis(6’-(2’,2”-bipyridyl))-1,1-dimethyl-3,4-
diphenyl silole 
 
At any given electric field within an OLED, the electron mobility of this silole 
was more than two orders higher than Alq3.
14
 Alq3 is a commonly used electron-transport 
(ET) material for OLEDs and has become the standard by which many light emitting 
materials are measured.
10
  Moreover, the silole exhibited non-dispersive electron 
transport whereas Alq3 develops a highly dispersive transient photocurrent even under 
inert conditions which is characteristic of electron traps. This demonstrated that the films 
of the silole were air stable during the device operation indicating that electron traps 
within the system were negligible. The presence of electron traps results in charge build-
up which increases the operational voltage reducing the device’s overall efficiency. As a 
consequence of these properties, many siloles are currently being employed as ET layers 
in electroluminescence (EL) devices.
17
  
 Siloles are also excellent charge transporters and light emitters in the solid state 
as they exhibit the photophysical property of aggregation-induced emission (AIE).
18
 
Mechanistic pathways such as J-aggregate formation, conformational planarization, or 
twisted intramolecular charge transfer (TICT) which are responsible for light emission in 
18 
 
conventional chromophores have been eliminated as the source of fluorescence in these 
systems. Many of the Group 14 heterocycles which exhibit AIE are nonpolar 
hydrophobic molecules. In the absence of donor and acceptor functional groups to engage 
in push-pull interactions, the likelihood of the formation of J-aggregates is minimal. The 
absence of polar functional groups also means that TICT processes are unlikely. 
Interactions between these groups and a polar solvent would red shift the emission 
wavelength; however, such effects are not observed. Crystal structure analysis of many of 
these derivatives suggests that the conformation of these heterocycles is twisted in the 
solid state ruling out conformational planarity.
17-18
  As a result of the non-planar or 
propeller-like conformation that aryl substituted siloles assume, siloles are highly 
emissive in the solid state. This is because the propeller-like structure of siloles renders 
the distance between adjacent molecules too large for conventional π-π stacking 
interactions, which are typically in the range of 3 – 4 Å, and thus minimizes the 
formation of excimers. The AIE effect in aryl substituted siloles has resulted in extremely 
high photoluminescence (PL) quantum yields in the solid state even in the crystalline 
form; and some examples of which approach an external quantum efficiency of 8% 
which is the theoretical limit for singlet emitters.
19
 Crystallization has been known to 
adversely affect conventional chromophores as a result of the concentration effect of 
ACQ. Crystallization brings adjacent molecules into close proximity resulting in a 
shifting of the emission maxima to longer wavelengths and significantly decreases or 
diminishes the intensity of the light emission.
20
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1.11   Research Objectives 
While the extent of information concerning the synthesis and applications of π-
conjugated silicon containing compounds is extensive, the development of the related 
germanium (Ge) containing systems has remained largely unexplored.  In addition to 
structural similarities, the published electronic and photophysical properties of related 
silicon and germanium heterocycles are essentially the same.
21
 Many of the unique 
attributes of silicon compounds that make them so attractive for organic device 
applications are due to the presence of a low lying LUMO. As a result of the similarities 
in the energy levels of the σ* (Si-R) and σ* (Ge-R) orbitals, germanium compounds 
possess comparable low lying LUMO energy levels which should endow them with 
highly efficient carrier transport abilities and high electron affinities as well.
22
  
Germanium π-conjugated compounds have demonstrated strong light emitting 
properties in the solid state.  Germole derivatives, although more limited in number than 
their silole counterparts, exhibit the photophysical property of AIE.
23
 The majority of 
these germanium heterocycles fluoresce in the blue region of the electromagnetic 
spectrum. In the context of material development for OLED applications, this is 
promising since stable blue light emitters are highly desirable. Compared to green and red 
light emitting compounds, blue emitters tended to exhibit have significantly shorter 
lifetimes.
24
 Hence, good blue emitters with high quantum efficiency and color purity are 
needed.   
The primary challenge in preparing germanium heterocycles stems from the fact 
that germanium chemistry is not as well developed as that of silicon. As a consequence, 
few procedures are known for their synthesis. The research reported herein has mainly 
20 
 
been focused on developing reproducible synthetic pathways for three main classes of 
germanium heterocycles. The first two classes, germacyclopentadienes (germoles) and 
germafluorenes (germafluorenes) are known to emit in the ultra-violet to visible region of 
the electromagnetic spectrum; however, the number of examples of these heterocycles is 
quite limited. The final class, a germanium containing fluorescein analog, was anticipated 
to emit in the infrared region.  
 
Figure 1-7 
 
The aim of this research was to use these existing frameworks as a guideline for 
preparing π-conjugated heterocycles with broad structural motifs that satisfy the 
requirements for manipulating the optical and electronic properties. Several design 
aspects were based on the current understanding of AIE which were anticipated to 
promote high solid state quantum efficiencies. The following three chapters describe in 
detail the research performed on these three classes of germanium containing compounds. 
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Chapter II 
Germacyclopentadienes 
 
2.1   Introduction 
Currently, there is much interest in developing molecules that are highly emissive 
in the solid or crystalline state.  These molecules have been used as materials for 
constructing thin films in practical applications as electron-transporting or emissive 
layers in semiconducting and electronic devices. The majority of molecules that have 
been traditionally designed for luminescent applications have met with a number of 
limitations which stem from the fact that most fluorophores are studied as single 
molecules in dilute solvent systems.  Once outside of these parameters, environmental or 
phase changes can quench light emission. This phenomenon, referred to as aggregation-
caused quenching (ACQ) of light emission, is commonplace with many fluorophores that 
have been fabricated into thin films in organic light emitting diodes (OLEDs).
1
 These 
fluorophores, which are strong light emitters in solution, fail as the concentration is 
increased or when transformed into solid state materials.  The close proximity of adjacent 
molecules in both of these situations leads to aggregation which allows π-π stacking 
interactions of the planar segments of the molecules. As a result of these interactions, 
delocalized excimers and exiplexes form which decay non-radiatively leading to the 
subsequent quenching of light emission.
2
 As a result, many fluorophores cannot be used 
in the solid state.  Furthermore, low concentrations of a fluorophore must be utilized in 
solution in order to minimize contact between adjacent molecules to mitigate the ACQ 
effect.  Use of such dilute solutions is one of the major limitations of potential 
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applications of these fluorophores as sensory materials as such conditions often result in 
decreased sensitivity and reliability. To further complicate matters, the ACQ effect limits 
the use of fluorophores to non-polar solvent systems since polar solvents such as water 
would cause aggregation and diminish light emission.  This drawback particularly 
impacts the use of fluorophores as sensory materials for the detection of biological 
molecules in aqueous media since fluorophores are known to aggregate as the molecules 
accumulate on the surface of the bound proteins or collect in the hydrophobic pockets of 
the folding structure of many proteins.
3
 
A logical approach to alleviating the problems associated with ACQ would be to 
develop luminophors whose aggregates fluoresce more strongly than their solutions. 
Since aggregation is an intrinsic property of molecules in condensed phases, it seems 
more reasonable to use this natural process to enhance light emission rather than employ 
laborious synthetic methods to prevent aggregation. Many of the engineering approaches 
to mitigate aggregation such as attaching branched chains, bulky cyclics, spiro kinks, 
doping and surfactant encapsulation have met with limited success.
1
 Identification of  two 
photoluminescence processes, aggregation-induced emission (AIE) and aggregation-
induced emission enhancement (AIEE), may now allow development of highly efficient 
solid state fluorescence.
 4
 In AIE, a non-emissive chromophore is induced to emit light by 
the formation of aggregates while the light emission of an AIEE molecule is significantly 
enhanced once aggregation occurs.  
The AIE(E) effect has been intensely developed in siloles which are considered 
the standard for this phenomenon. Prior to the discovery of AIE(E) by these heterocycles, 
siloles or silacyclopentadienes, were already being aggressively pursued for their 
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potential in organic electronics, particularly in flexible lighting and display panels (Figure 
2-1).
5
 
 
 
Figure 2-1: Basic metallole structure with numbering scheme, M = Si, silole; M = Ge, 
germole 
 
Siloles are generally quite stable and exhibit excellent electronic properties such 
as high electron mobility
6
 and affinity
7
. Many of the unique attributes of siloles are due to 
the presence of a low lying LUMO which results from the interaction between the π* 
orbital of the butadiene and the σ* orbital associated with the two exocyclic bonds on the 
silicon center (Figure 2-1).
8
 This highly efficient interaction between the anti-bonding 
orbitals of these segments lowers the energy gap between the frontier orbitals. The 
smaller energy gap between the HOMO and LUMO is reflected in the red shifting of the 
silole’s emission wavelength.  As a result, these heterocycles are highly desirable for use 
as electron transporting and light-emitting layers in electronic device applications. It is 
important to point out that this particular interaction between the anti-bonding orbitals 
which results in the low lying LUMO is unique to the heavier Group 14 elements. A 
similar interaction cannot occur in cyclopentadiene, the all carbon analog of siloles, 
because the σ* (C-H) orbitals are too high in energy.  
The development of siloles intensified when it was discovered that these 
heterocycles exhibited unusual photoluminescence properties which are now referred to 
as aggregation-induced emission (AIE). Siloles are non-emissive when dissolved in pure 
organic solutions, but are emissive in the solid state. This was contrary to conventional 
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fluorophores that are emissive in solution, but non-emissive in the solid state. Strong 
fluorescence was even demonstrated as aggregated suspensions in solution. By reducing 
the solubility of the silole within a solution, the aggregation process was initiated. 
Aggregation is essentially the formation of nano-sized solid particles. Once these 
aggregates began forming, light was emitted. This remarkable fluorescence was attributed 
to the non-planar or propeller-like conformation that aryl substituted siloles assume 
which renders the distance between adjacent molecules too long for conventional π-π 
stacking interactions, which are typically in the range of 3 – 4 Å.9 The AIE effect in aryl 
substituted siloles has resulted in very high photoluminescence (PL) quantum yields in 
the solid state; some of which approach the theoretical limit for singlet emitters.
10
 Aryl 
substituted siloles are being molecularly engineered to use the intrinsic property of 
aggregation in both the solution and solid states for practical real world applications 
without the limitations of the ACQ effect. 
Mechanistic studies of molecules that exhibit the AIE(E) effect indicate that their 
unique propeller-like structures are vital to these photoluminescence properties.
11
 These 
conjugated molecules possess multiple peripheral aryl substituents that function as 
"blades" that rotate around single or double bond axles that link them to a central planar 
core (Figure 2-2).  
 
 
Figure 2-2: Examples of AIE fluorophores indicating rotation of the aryl substituents
1 
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Steric congestion restricts the intramolecular rotations of the peripheral aryl 
substituents causing the groups to twist relative to the core. Hence, the propeller-like 
conformation in which the substituents assume becomes locked into place during 
aggregation or solid state packing. This fixed position minimizes the twisting motions of 
the aryl substituents preventing π-π stacking interactions with neighboring fluorophores 
and minimizing the channels which dissipate the excited state energy non-radiatively.
12
 
This mechanism, referred to as restricted intramolecular rotation (RIR), is accepted as the 
main cause of the AIE(E) phenomenon.
13
 The AIE(E) effect is now considered a general 
property of particular classes of molecules which possess certain structural similarities 
that result in the overall propeller-like shape. The importance of the peripheral aryl 
substituents within these molecules cannot be overstated. Their relevance is clearly 
demonstrated by the fact that while hexaphenylsilole (A) exhibits the AIE(E) 
phenomenon, the hexamethylsilole (B) does not (Figure 2-3). 
 
 
 
Figure 2-3: Structures of hexaphenylsilole (A) and hexamethylsilole (B) 
 
While the extent of information concerning the synthesis and applications of 
siloles is extensive, the development of the related germoles (Figure 2-1) has remained 
largely unexplored.  As a result of the similarities in the energy levels of the σ* (Si-R) 
and σ* (Ge-R) orbitals, germoles also demonstrate a highly efficient interaction between 
the anti-bonding orbitals of the butadiene segment and the two exocyclic bonds on the 
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germanium center.
14
 This means that both siloles and germoles exhibit comparable low 
lying LUMO energy levels. Therefore, germoles should also be attractive for use as 
electron transporting and light-emitting layers in electronic device applications. Although 
the number of germole derivatives is limited, those that have been synthesized exhibit the 
AIE phenomenon and display many of the attributes encompassed by AIE-active 
siloles.
15
 
In addition to the desirable optical and electrical properties, siloles can be easily 
synthesized according to well established procedures.  Efficient procedures exist for 
modifying both the 1,1- and 2,5- positions of siloles (Figure 2-1). Studies based on siloles 
indicate that the optical and electronic properties can be controlled by modifying the 
identity or the position of a substituent on the central five-membered ring. Modifications 
at the 2,5-positions alter the color of the fluorescence. Modifications at the 1,1-positions 
have a lesser effect on the absorption and emission wavelengths, but have demonstrated 
that important performance abilities such as fluorescence quantum efficiency and 
brightness are influenced by changes at these positions.
16
 
The potential of germoles will more than likely remain unrealized until efficient 
synthetic procedures are developed.  Currently, there are two general routes for 
synthesizing germoles.  The more commonly used procedure was originally developed by 
Braye et al.
17
and later modified by M.  D.  Curtis.  This reaction involves the ring closure 
of an in-situ generated dilithio-1,2,3,4-tetraphenylbutadiene species with a germanium 
halide, typically germanium tetrachloride, to yield a 1,1-disubstituted-2,3,4,5-
tetraphenylgermole (Equation 2-1).
18
 The primary limitation to this method is that the 
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variety of substituents at the 1,1-positions is limited by the small selection of 
commercially available chlorinated germanes.   
 
 
Equation 2-1 
The second procedure is a two-step process which begins with the reduction of 
zirconocene dichloride in the presence of an alkyne to generate a zirconacyclopentadiene, 
a reaction developed by Negishi et al.
19
 The subsequent step developed by Fagan et al. 
involves a metallacycle transfer from zirconacyclopentadiene under inert conditions with 
a germanium halide to produce 1,1-disubstituted germoles (Scheme 2-1).
20 
Unfortunately, 
this particular synthetic pathway is hindered by several drawbacks. In the initial step, the 
formation of zirconacyclopentadiene is limited by the type of alkyne that can be 
employed.  Only disubstituted alkynes can be used as terminal alkynes produce complex 
reaction mixtures instead. Using Fagan’s procedure, the zirconacyclopentadiene is 
generally isolated prior to use in further reactions. The isolation process is tedious as it 
must be performed in a dry box under strict inert conditions. Direct quenching of the 
zirconacyclopentadiene in a one pot synthesis with a germane has been attempted, but 
appears to have only been successfully accomplished when a tetramethyl or tetraethyl 
substituted zirconacyclopentadiene was employed.
21
 
 
Scheme 2-1: Fagan protocol for preparing 1,1-disubstituted germoles
19-20 
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2.2   Synthetic Overview 
The initial focus of the work with germoles centered around the development of 
convenient and efficient synthetic procedures that would allow for substitution at both the 
1,1- and 2,5-positions (Figure 2-1).  Early investigations into the synthesis of germanium 
heterocycles indicated that the chemistry was different from that of silicon. As a result, 
few of the procedures used to prepare siloles could be used to prepare the corresponding 
germoles. Once the synthetic challenges had been overcome, investigations were to shift 
to studying the electronic properties of both 1,1- and 2,5-substituted germoles. It was 
anticipated that many of newly synthesized germoles would exhibit the AIE 
phenomenon.  
The research endeavor began with the development of a synthetic procedure for 
efficiently preparing 2,5-disubstituted-3,4-diphenylgermoles as there were none reported 
in literature. It was speculated that variation of the 2,5-substituents in germoles would 
have the most significant impact on optical and electronic properties similar to that which 
had been reported with siloles.
10 
 The preparation of 2,5-disubstituted-3,4-
diphenylgermoles were planned using a modification of Tamao’s one-pot procedure for 
the reductive intramolecular cyclization of bis(phenylethynyl)silane followed by a  Pd-
catalyzed cross-coupling with an aryl halide,  which has become the standard for 
preparing 2,5-substituted siloles since the first publication in 1994 (Scheme 2-2).
22
 
Intramolecular reductive cyclization of bis(phenylethynyl)silane A (Scheme 2-2) occurs 
in an endo-endo mode which is unusual with respect to the orientation of the acetylene. 
Typically, metal catalyzed intramolecular reductive cyclizations are classified according 
to the orientation of the acetylene in the newly formed ring system. The most prevalent 
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orientation is the exo - exo mode that occurs with a variety of transition metals which 
commonly function as two - electron reductants. Both the exo - endo and the endo - endo 
modes are rare. Tamao's method uses a one-electron lithium reductant such as lithium 
naphthalenide, but lithium 4,4'-di-tert-butyl-2,2'-biphenylide or lithium (N,N-
dimethylamino)naphthalenide can also be used. Tamao's method can be considered an 
intramolecular version of the intermolecular coupling that occurs between 
diphenylacetylene with lithium to produce dilithiobutadiene. 
 
 
 
Scheme 2-2: Tamao’s one-pot synthesis 
 
A key aspect to the intramolecular reductive cyclization is the simultaneous 
reduction of both acetylene segments to form a bis (anion radical) intermediate which 
undergoes radical coupling to form the 3,4-position carbon - carbon bond of the silole 
while producing anions at the 2,5-positions. An excess amount of reductant is necessary 
to accomplish this crucial step within the mechanism. Using a stoichiometric amount of 
reductant reduces the efficiency of the formation of the 2,5-dilithio intermediate (Scheme 
2-2). It also promotes the formation of lithium phenylacetylide as a byproduct from the 
cleavage of the carbon - silicon bond. When a stoichiometric amount of reductant is used, 
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a less efficient stepwise reduction of the acetylene segments occurs forming a mono 
(anion radical) intermediate that is known to cleave the carbon - silicon bond prior to the 
formation of the bis (anion radical) intermediate.
22 
Once it became apparent that 2,5-disubstituted germoles could not be obtained 
using Tamao’s method, an attempt to retro-synthesize these heterocycles was made. It 
was rationalized that if 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2) 
could be prepared, it could easily be desilylated with N-bromosuccinimide (NBS) to yield 
1,1-diphenyl-2,5-dibromo-3,4-diphenylgermole (2-3) which would serve as the key 
precursor for preparing a variety of 2,5-disubstituted germoles (Scheme 2-3). The general 
synthetic method for the preparation of these two key germoles (2-2) and (2-3) required 
the preparation of  1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) which 
would undergo a metal/ halogen exchange reaction followed by the subsequent 
quenching with diphenyldichlorogermane. The use of diphenyldichlorogermane allowed 
the placement of phenyl substituents on the germanium center. Theoretical calculations 
for siloles suggested that phenyl substituents on the silicon center have the effect of 
lowering the LUMO level while slightly raising the HOMO energy level. This suggests 
that the σ*-π* conjugation is extended between the silicon center and the phenyl ring 
which can red shift the emission wavelengths.
16
  This effect was expected to be observed 
in germoles as well. The above mentioned synthetic strategy seemed plausible since a 
series of 1,1-disubstituted-3,4-dimethyl-2,5-bis(trimethylsilyl)siloles have been prepared 
using a similar approach.
23
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Scheme 2-3: Proposed synthesis of 1,1-diphenyl-2,5-dibromo-3,4-diphenylgermole (2-3) 
 Although the 1,1-diphenyl-2,5-dibromo-3,4-diphenylgermole (2-3) could be used 
directly in conventional cross-coupling reactions, it was anticipated that this germole 
would be light sensitive and decomposition may be an issue. Related 2,5-dihalosiloles, 
although air stable, had to be stored in a freezer as decomposition began within several 
days at ambient temperature even when stored in sealed flasks.
24
 Therefore, plans to 
immediately transform (2-3) into a more stable 1,1-diphenyl-2,5-bis((4-iodophenyl) 
ethynyl)-3,4-diphenylgermole (2-6) using modifications to a procedure published by 
Boydston et al. (Equation 2-2) and used for siloles.
25 This transformation would have 
involved cross-coupling of the dibromo germole (2-3) with a prepared terminal alkyne (2-
5) followed by methyl iodide induced triazene decomposition to yield 1,1-dichloro-2,5-
bis((4-iodophenyl)ethynyl)-3,4-diphenylgermole (2-6). The triazene substituent (2-5) was 
prepared by a known literature method for which the details are provided in the 
experimental section.
26
  
 
Equation 2-2 
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The next phase of the research endeavor was to devise ways to introduce 
substituents at the 1,1- positions that were different from the traditional phenyl or methyl 
groups that are typically utilized for germoles. Two distinct series within this category 
were planned: germoles possessing the same two substituents (symmetrical) and those 
with different substituents (unsymmetrical) at the germanium center.  
For the symmetrical 1,1-substituted germoles (2-8), the Curtis procedure 
(Equation 2-1) was used to prepare 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) which 
would serve as the building block for these new heterocycles. In the Curtis procedure, a 
dilithium reagent was generated by the reductive coupling of diphenylacetylene in the 
presence of lithium metal which was then treated with germanium tetrachloride. The 1,1-
dichloro-2,3,4,5-tetraphenylgermole (2-7)  was reacted with various commercially 
available terminal alkynes which were lithiated using n-butyllithium at low temperature 
(Equation 2-3).
27
  
 
 
Equation 2-3 
For the unsymmetrical 1,1’-substituted germoles (2-11), the Curtis procedure was 
used to prepare a 1-chloro-1,2,3,4,5-pentaphenylgermole precursor (2-9).  Reaction of 
this precursor (2-9) with the Grignard reagent, ethynylmagnesium bromide, afforded a 1-
chloro-1-ethynyl-2,3,4,5-tetraphenylgermole (2-10) (Scheme 2-4).   
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Scheme 2-4: Preparation of the building block for unsymmetrical germoles 
 
 
It was anticipated that the 1-phenyl-1-ethynyl-2,3,4,5-tetraphenylgermole (2-10) 
would be stable enough to undergo a conventional palladium-catalyzed cross-coupling 
reaction (Equation 2-4). Reactions between terminal alkynes and aryl iodides appear to 
be quite tolerant of polar functional groups such as amines, hydroxyls, and esters.
9 
Such 
groups are extremely difficult to introduce by any other synthetic means, but are highly 
desirable for sensory applications and biological probe applications for which similar 
siloles have been used.  Unsymmetrical 1,1'-substituted germoles are expected to exhibit 
significantly higher quantum efficiencies in the solid state than their symmetrical analogs. 
Related siloles differing in 1,1'-substitution exhibited higher solid state quantum 
efficiencies compared to the symmetrical 1,1-subsituted siloles which was attributed to a 
higher degree of difficulty in packing compactly in the solid state.
28 
 
Equation 2-4 
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2.3   Results and Discussion 
2.3.1   2,5-Disubstituted Germoles  
Synthesis of bis(phenylethynyl)germane (2-12) 
 
 
Equation 2-5 
 
Preparation of bis(phenylethynyl)germane (2-12) 
Prior to attempting Tamao’s one-pot procedure, it was necessary to prepare the 
corresponding bis(phenylethynyl)germane (2-12). This was accomplished by coupling 
dimethyldichlorogermane with lithium phenylacetylide which was generated in situ 
(Equation 2-5).
29
 The structure of (2-12) is particularly important when using Tamao’s 
method.  Aryl groups at the terminal end of the diethynyl derivative appear to be 
necessary for the formation of the bis (anion radical) intermediate which are thought to 
stabilize the intermediate. This appears to be substantiated by the fact that the use of alkyl 
or silyl substituted acetylenes in this process have been reported to result in complex 
mixtures.
22
  
Characterization 
The crude reaction mixture was an orange-yellow oil. Purification attempts included 
Kugelrohr distillation [70 
o
C (0.4 mm)] which yielded an orange solid that GC analysis 
indicated was primarily (95%) the bis(phenylethynyl)germane (2-12). Recrystallization 
using ethyl alcohol yielded (2-12) as off-white crystals. An attempt to obtain the crystal 
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structure of (2-12) was unsuccessful; refinement of the data was complicated by twinning 
of the crystals. The 
1
H NMR spectrum of (2-12) exhibited a series of resonances for the 
aromatic protons at δ 7.51 and 7.31 which integrated for ten protons which was 
anticipated for the two phenyl rings. The most distinguishing feature was the singlet at δ 
0.71 which integrated for the six protons for the methyl groups on the germanium center 
(Appendix II-1). The 
13
C{
1
H} NMR spectrum exhibited seven resonances which was 
consistent with (2-12). The most diagnostic features of the spectrum were the two alkynyl 
carbons at δ 104.8 and 90.5 and the resonance for the carbons of the methyl groups which 
appeared in a distinct region of the spectrum at δ 1.1 (Figure 2-4). 
 
Figure 2-4: 
13
C{
1
H} NMR spectrum of bis(phenylethynyl)germane (2-12) 
 
Attempted reductive intramolecular cyclization procedure (Tamao’s Method). 
 
Scheme 2-5: Tamao’s one-pot procedure using (2-12) 
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Attempts to prepare germoles with various 2,5-substituents proved challenging. 
Initially preparation of these germoles (2-13) was attempted using the standard condition 
for Tamao’s one-pot procedure (Scheme 2-5). However, this method which has afforded 
a multitude of siloles, yielded a complex reaction mixture from which no compounds 
were identified when the corresponding germane (2-12) was used. In an effort to 
determine where the reaction failed, an attempt was made to isolate the 2,5-dilitho 
species which forms in the first step of Tamao’s procedure by quenching with 
trimethylchlorosilane (Me3SiCl) which would have yielded 1,1-dimethyl-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole (2-14) (Equation 2-6).
22
  This attempt resulted in 
a mixture of products according to 
1
H and 
13
C{
1
H} NMR data instead of the desired 
germole (2-14) suggesting that the reductive intramolecular cyclization was not occurring 
and that a radical mechanism may not be a viable option for the conversion of 
bis(phenylethynyl)germane (2-12). 
 
 
Equation 2-6: Attempt to verify the formation of the 2,5-dilitho intermediate 
 
These results also suggested that possibly the reactivity of the germanium – 
alkynyl carbon bond was higher than the corresponding bonds in the silicon analog. This 
observation was also reported in the 1,1-organoboration reactions using Group 14 
bis(phenylethynyl)derivatives. The initial pathway of these reactions involves the 
cleavage of the bond between the Group 14 element and the alkynyl carbon by a 
triorganoborane (BR3) followed by the subsequent formation of a new carbon – carbon 
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bond by a 1,2-shift of a substituent (R) from boron to carbon. Since the cleavage of the 
bond between the Group 14 element and the alkynyl carbon is a significant factor in these 
types of reactions, the reactivity of these bonds were studied. As a result of the higher 
degree of polarity of the germanium – alkynyl carbon bond (relative to silicon), 1,1-
organoboration reactions between BEt3 and bis(phenylethynyl)germane were complete 
within hours at room temperature or within minutes of refluxing in hexane. Whereas 
similar reactions with bis(phenylethynyl)silane required temperatures well above 95 
o
C 
for extended periods of time.
30
 Although this is different mechanism, the studies of the 
hydroboration reactions do demonstrate a much higher degree of reactivity between the 
bis(phenylethynyl) derivatives that could account for the complex reaction  mixtures that 
were obtained with the bis(phenylethynyl)germane (2-12) while the 
bis(phenylethynyl)silane is sufficiently stable to form the ring closed product.  
Since the issues associated with preparing 2,5-substituted germoles via Tamao’s 
method appeared insurmountable, this approach was abandoned. Efforts shifted to 
preparing 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2) which was 
considered the first major milestone in obtaining the elusive 2,5-substituted germoles 
(Scheme 2-3). The synthetic pathway began with the preparation of 1,4-diiodo-1,4-
bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1). Although the 1,4-diiodo-1,4-
bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) was a known compound, the actual 
synthetic and purification procedures for preparing this compound could not be located. 
Instead literature citations referenced the preparation as using a modification of Negishi’s 
procedure.
31
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2.3.1.1   Synthesis of 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) 
 
Equation 2-7 
Preparation of 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) 
Negishi developed a procedure whereby zirconocene was stabilized as a 1-butene 
adduct by the addition of 2 equivalents of n-butyllithium to a tetrahydrofuran solution of 
Cp2ZrCl2 at -78 
o
C. This adduct which is referred to as a ZrCp2 equivalent very efficiently 
couples with alkynes to produce a zirconacyclopentadiene (zirconacycle).
19
 Utilizing a 
zirconacycle intermediate to prepare the 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-1) was considered to be beneficial as this pathway eliminated the 
formation of complex mixture of isomers that frequently occurs during the butadiene 
synthesis.  The coupling of alkynyes bearing silyl functional groups with ZrCp2 are 
known to be highly regio-selective and only coordinate in a position alpha to zirconium.
32
 
This selectivity placed the trimethylsily groups in the 2,5-positions of the zirconacycle 
(Equation 2-7) which provided the appropriate framework for the targeted 1,1-diphenyl-
2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2) (Scheme 2-3). Although it has been 
reported that germanium reacts directly with alkyl-substituted zirconacycles once they 
have been isolated,
33
 it was uncertain how the combination of silyl and aryl substituents 
would affect the transmetallation. Therefore, the arduous task of isolating this highly 
reactive heterocycle was circumvented by preparing the diiododiene (Equation 2-7).  
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The 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-9) was prepared 
using a modification of  Negishi’s procedure.34 In Negishi’s procedure, after the addition 
of the alkyne the reaction mixture was gradually warmed to room temperature over a 
period of several hours. The formation of the zirconacycle typically began as the reaction 
mixture warmed which was accompanied by several distinctive color changes. After the 
addition of the alkyne, the reaction mixture was yellow then upon warming to – 20 oC, 
the solution turned orange. Upon reaching room temperature, the mixture was red and 
was stirred for an additional 4 to 6 hours. The progression of the reaction can be 
monitored by GC analysis by hydrolyzing an aliquot. 
In the method used to prepare the 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-1), the 1-phenyl-2-(trimethylsilyl)acetylene was added and the 
mixture was warmed to room temperature. Then the mixture was gradually heated to 50 
o
C and stirred at this temperature for 1 hour. This simple modification significantly 
reduced the time required for the formation of the zirconacycle.  After cooling to room 
temperature, the formation of the diiododiene was optimized by treating the zirconacycle 
with one equivalent of CuCl and two equivalents of iodine. Performing this step of the  
reaction in the absence of copper (I) chloride produced a mixture of the mono- and 
diiododiene. The formation of the monoiodinated diene has been reported to form when 
zirconacycles are treated with only iodine in THF.
35
 The use of CuCl produced the 
diiododiene as the major reaction product. 
Characterization  
The crude 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) was 
obtained as a yellow oil. Although it was possible to subject the mixture to silica gel 
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chromatography using hexane as an eluent, it was found that adding bulk ethanol 
accompanied by shaking precipitated (2-1) as a pale yellow crystalline solid. No further 
purification methods beyond this point were conducted.  The 
1
H NMR spectrum 
exhibited a series of resonances for the aromatic protons at δ 7.26 and 7.16. The most 
distinguishing feature was the singlet at δ -0.05 for the eighteen protons of the 
trimethylsilyl groups. In the 
1
H NMR spectrum of the starting material, 1-phenyl-2-
(trimethylsilyl)acetylene, this resonance appeared at δ 0.27 suggesting increased 
shielding in (2-1) presumably from the presence of the iodo substituents (Figure 2-5). 
(A) (2-1) 
 
Figure 2-5: Selected regions of the 
1
H NMR spectra for 1-phenyl-2-
(trimethylsilyl)acetylene (A) and (2-1), respectively indicating the resonance of the 
trimethylsilyl groups 
The 
13
C{
1
H} NMR spectrum exhibited seven resonances which was consistent 
with (2-1). The most diagnostic features of the spectrum were the appearance of 
resonances at δ 163.2 and 139.6 for the α- and β-carbons of the butadiene, respectively. 
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The resonance for the carbons of the trimethylsilyl groups appeared in a distinct region of 
the spectrum at δ 0.92. The inset traces are of the corresponding regions for the starting 
material, 1-phenyl-2-(trimethylsilyl)acetylene. Noteworthy was the disappearance of the 
resonances for the alkynyl carbons at δ 105.3 and 94.2 (Figure 2-6).  
 
Figure 2-6: 
13
C{
1
H} NMR spectrum of (2-1) with corresponding insets from the starting 
material, 1-phenyl-2-(trimethylsilyl)acetylene (A) 
 
Attempts to obtain 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2) 
 
Equation 2-8 
 
(A) 
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Once the 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) was 
obtained, no problems were envisioned in the preparation of the 1,1-diphenyl-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole (2-2). The dilithiation of the diiododiene (2-1) 
has been reported to proceed very efficiently affording the 1,4-dilithio butadiene species 
in high yield (Equation 2-8). In fact, the 1,4-dilithio intermediate which formed in this 
particular sequence has been isolated, characterized by multinuclear NMR, and the 
structure determined by x-ray single crystal analysis.
36
 Thus, the diiododiene (2-1) was 
lithiated with n-butyllithium at -78 
o
C and was stirred for one hour at this temperature 
which was standard procedure for these types of reactions. The dilithiation was then 
followed by treatment with diphenyldichlorogermane. However, instead of obtaining the 
ring closed product, 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2), 
another product was isolated which was consistent with 1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-15) (Figure 2-7). This assessment was supported by the appearance 
of singlet in a region of the 
1
H NMR spectrum where terminal protons of butadienes are 
known to be observed which is typically between 5 – 6.5 ppm. A singlet which integrated 
for two protons was observed at δ 5.45. The remainder of the spectrum was similar to the 
1
H NMR spectrum which was obtained for the starting material, diiododiene (2-1). 
Resonances with the appropriate integration ratios which were consistent with aromatic 
protons were observed at δ 7.32 and 7.19. The resonance for the protons of the 
trimethylsilyl groups was observed as a singlet at δ - 0.31 (Figure 2-8). 
(2-15) 
Figure 2-7: Structure of 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) 
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Figure 2-8: 
1
H NMR spectrum for 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) 
 
Comparison of the 
13
C{
1
H} NMR spectrum of the diiododiene (2-1) with the 
spectrum of the compound obtained from the ring closing reaction appeared to support 
the assumption that 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) had been 
produced (Figure 2-9). Most notably was the disappearance of the resonance for the 
carbons bearing the iodo substituents at δ 112.7 (inset of (2-1)). The spectrum of (2-15) 
appeared consistent as being a butadiene by the following features: resonances at δ 160.3 
and 142.6 for the α- and β-carbons of the butadiene respectively, four aromatic carbons (δ 
134.3, 130.3, 128.0, and 127.3), and the carbons of the trimethylsilyl groups at δ 0.07. 
This compound was formed almost exclusively. No indication that the targeted 1,1-
diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-2) formed to any extent was 
observed by multinuclear NMR analysis. 
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Figure 2-9: Comparison of the 
13
C{
1
H} NMR spectra of the product from the ring 
closure reaction with (2-1) 
 
In the early attempts to prepare the 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-
diphenylgermole (2-2), the formation of the dilithio species was monitored using GC 
analysis which suggested efficient conversion of the intermediate. The issues with this 
approach appeared to be associated with the actual ring closure phase of the reaction. The 
first modification for this reaction was the addition of N,N,N,N-
tetramethylethylenediamine (TMEDA) which has commonly been used as a coordinating 
base to increase the reactivity of organolithium reagents. Organolithium reagents exist as 
aggregates in hydrocarbon solutions. N-butyllithium, which was used in this approach, 
exists as a hexamer in hexane. Addition of TMEDA lowers the degree of aggregation 
thus rendering the organolithium reagent more reactive although it has also been 
proposed that it stabilizes the lithiated species.
37
 It was hoped that the addition of 
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TMEDA would stabilize the dilithio intermediate such that the coupling reaction with the 
diphenyldichlorogermane could occur.  Using similar reaction conditions, the diiododiene 
(2-1) was lithiated with n-butyllithium at -78 
o
C and was stirred for thirty minutes before 
the addition of TMEDA. After the drop-wise addition of TMEDA was complete, the 
reaction mixture was stirred for two more hours at -78 
o
C before treatment with 
diphenyldichlorogermane. The NMR analysis of an aliquot of the reaction solution was 
consistent with the formation of 1,4-bis(trimethylsilyl)-2,3-diphenylbuta-1,3-diene (2-
15). No evidence for the targeted ring closed product, 1,1-diphenyl-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole (2-2), had formed was observed.  
It was decided at this point to investigate whether or not steric crowding 
associated with the phenyl rings on the germane could be preventing the ring closure of 
the diiododiene (2-1). Therefore, it was decided to attempt the ring closure using smaller, 
less sterically demanding groups such as ethyl substituents on the germanium. This was 
to be accomplished using diethyldichlorogermane instead of diphenyldichlorogermane. 
Using similar reaction conditions, the diiododiene (2-1) was lithiated with n-butyllithium 
at -78 
o
C and was stirred for thirty minutes before the addition of TMEDA. After the 
drop-wise addition of TMEDA was complete, the reaction mixture was stirred for two 
more hours at -78 
o
C before being treated with diethyldichlorogermane. NMR analysis of 
this approach indicated that the targeted germole, 1,1-diethyl-2,5-bis(trimethylsilyl)-3,4-
diphenylgermole had formed as a minor product in the reaction. However, the major 
species was the 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15). Multiple attempts to 
separate the mixture were made using column chromatography. While a pure fraction of 
the 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) was obtained, the 1,1-diethyl-
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2,5-bis(trimethylsilyl)-3,4-diphenylgermole could not be isolated without being 
contaminated with the butadiene. The 
1
H NMR spectrum of mixture of the 1,1-diethyl-
2,5-bis(trimethylsilyl)-3,4-diphenylgermole and the  1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-15) after multiple columns is shown (Figure 2-10). The chemical 
shifts for the 1,1-diethyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole occurred at δ 7.02, 
6.83, 1.21, 1.12, and  – 0.17. Unfortunately, the quantity of the 1,1-diethyl-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole that formed in these reactions was too low to 
proceed with any further reactions   
 
Figure 2-10: 
1
H NMR spectrum of mixture of the 1,1-diethyl-2,5-bis(trimethylsilyl)-3,4-
diphenylgermole and the 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) after 
multiple columns 
The results from the reaction using diethyldichlorogermane suggested that size of 
the substituents on the germane reagent were affecting the ring closure process. Since the 
targeted the 1,1-diethyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole did form to a minor 
extent, it was rationalized that using even smaller substituents such as methyl groups 
might allow the germole to form in more appreciable quantities. The reaction was 
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performed using similar experimental conditions; however, dimethyldichlorogermane 
was used to quench the dilithio intermediate. Surprisingly, use of the 
dimethyldichlorogermane resulted in a more complex mixture than that obtained with the 
diethyldichlorogermane. Only a trace amount of the product mixture may have been the 
1,1-dimethyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole in the crude reaction mixture as 
determined by multi-nuclear NMR. A single attempt to purify the mixture was made 
using column chromatography; however, this effort resulted in primarily in the isolation 
of 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15).  
Investigations into possible reasons why this series of ring-closures have failed 
suggested that the trimethylsilyl substitiuents may potentially be the problem. Sterically 
demanding groups such as the trimethylsilyl, tert-butylsilyl, and diphenylphosphino 
direct the alkynyl coupling such that these groups adopt the α-position during the 
formation of the zirconacycle. It was for this regio-selectivity that the trimethylsilyl 
groups were initially chosen since this eliminated the tedious purification process of 
separating isomers which form during the preparation of butadienes. However, it was not 
realized at the time when this group was selected for use in the butadiene that the 
trimethylsilyl substituent also represented a formidable steric barrier to substitution. By 
searching the literature, it was discovered that sterically demanding groups such as the 
trimethylsilyl have been demonstrated to promote reversibility during the synthesis of 
zirconacycle which apparently is exploited during the formation of macrocycles. The 
consequence is an equilibria between the ring-closing and ring-opening reactions that 
favors the ring-opening reaction.
38
 Based on this data, it was not unreasonable to assume 
that the steric demand of the trimethylsilyl groups could present an obstacle during the 
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ring closing reaction with the butadiene that could explain why the protonated butadiene 
remains the major reaction product regardless of which germane reagent was used. Due 
to the inability to obtain the targeted 1,1-disubstituted-2,5-bis(trimethylsilyl)-3,4-
diphenylgermole in sufficient quantities, all work in this area was terminated. 
2.3.2   Symmetrical 1,1-substituted germoles (2-8) 
2.3.2.1 Synthesis of 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) 
 
Equation 2-9 
 
Preparation of 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) 
The key precursor compound for constructing the symmetrical 1,1-substituted 
germole was the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) which was prepared 
without difficulty by a ring-closure reaction of 1,4-dilithio-1,2,3,4-tetraphenyl-1,3-
butadiene with germanium tetrachloride according to the procedure reported by Curtis. 
The germole (2-7) was virtually insoluble in diethyl ether and precipitated in relatively 
high purity from the reaction mixture. After a standard aqueous work-up, the germole (2-
7) was obtained as a bright yellow solid. This was in sharp contrast to the synthesis of 
1,1-dichloro-2,3,4,5-tetraphenylsilole,
17
 which required a low temperature reaction for 
the addition step of SiCl4 and the work-up must be performed under inert conditions in 
the absence of water. 
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Characterization 
The crude 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) was dissolved in bulk 
dichloromethane. The resulting solution was concentrated and cooled to precipitate (2-7) 
as a yellow crystalline solid. No further purification approaches were performed.  
The 
1
H NMR spectrum exhibited a series of complex resonances for the aromatic protons 
at δ 7.17, 7.16, and 6.86 (Figure 2-11). Integration of these resonances indicated twenty 
protons consistent with (2-7).  
 
Figure 2-11: 
1
H NMR spectrum of 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) 
 
The 
13
C{
1
H} NMR spectrum exhibited ten resonances which was consistent with 
(2-7). The most diagnostic features of the spectrum were the appearance of resonances at 
δ 150.1 and 136.7 for the α- and β-carbons respectively of the five-membered central ring 
(Figure 2-12). 
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Figure 2-12: 
13
C{
1
H} NMR spectrum of 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) 
2.3.3    Synthesis of 1,1-disubstituted-2,3,4,5-tetraphenylgermoles (2-16 through 2-
23) 
 
Equation 2-10 
 
Preparation 
Isolated (2-7) was converted to new 1,1-disubstituted germoles (2-16 through 2-
23) by addition of various lithiated acetylenes that had been generated from commercially 
available terminal acetylenes and n-butyllithium (Equation 2-10). Eight new heterocycles 
(Figure 2-13) were prepared using this method and were characterized by spectroscopic 
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methods, elemental analyses, and x-ray crystallography. Due to the relatively short 
lifetime of the lithiated alkyne species,
39
 the yields of the new 1,1-disubstituted germoles 
(2-16 through 2-23) varied from 46-70%.  
 
Figure 2-13: Structure of the 1,1-disubstituted germoles (2-16) through (2-23) 
 
Characterization 
The crude products were purified by silica gel chromatography using 
toluene/hexane mixed solvent systems as the eluent to yield all the germoles as yellow 
solids. X-ray quality crystals were typically grown by slow evaporation from methylene 
chloride/diethyl ether mixed solvent systems. However, the eluent and recrystallization 
solvent systems used in the purification of each germole are indicated in the experimental 
section.  
The NMR spectra of 1,1’-Bis(4-(trifluoromethyl)phenyl)-2,3,4,5-
tetraphenylgermole (2-16) are shown as a representation of the features which were used 
to characterize the 1,1-disubstituted-2,3,4,5-tetraphenylgermoles (2-16 through 2-23). 
The 
1
H NMR spectrum exhibited a series of complex resonances for the aromatic 
protons. The resonances of the aromatic protons associated with the 2,3,4,5-
tetraphenylgermole core which were observed at δ 7.17, 7.16, and 6.86 in the 1,1-
dichloro-2,3,4,5-tetraphenylgermole (2-7) experienced modest shifts with the 
incorporation of the new 1,1-substituents, but were readily identifiable (Figure 2-14). The 
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resonances of the aromatic protons associated with the trifluorotoluene substituent were 
observed downfield of those associated with the 2,3,4,5-tetraphenylgermole core at δ 7.63 
and 7.57. Since most of the 1,1-substituents which were incorporated into the 1,1-
dichloro-2,3,4,5-tetraphenylgermole (2-7) possessed para-substituted phenyl rings, these 
downfield resonances were diagnostic in the proton NMR. Deviations from the distinct 
pattern of these resonances were also used to indicate whether one or two substituents 
were substituted into the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7).  
 
Figure 2-14: 
1
H NMR spectrum of 1,1-bis(4-(trifluoromethyl)phenyl)-2,3,4,5-
tetraphenylgermole (2-16) with an inset of the starting material, 1,1-dichloro-2,3,4,5-
tetraphenylgermole (2-7) 
(2-7) 
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Since there are several aromatic segments within the 1,1-disubstituted-2,3,4,5-
tetraphenylgermoles (2-16 through 2-23), this region of the 
13
C{
1
H} NMR spectrum 
exhibited multiple overlapping resonances. Despite the complexity of the spectrum, there 
were several features that were used to identify (2-16) through (2-23). Identification of 
the α- and β-carbons respectively of the five-membered central ring which are typically 
the most downfield resonances signified that the central five-membered germole ring 
remained intact. These resonances of (2-16) where observed at δ 153.5 and 138.5. The 
alkynyl carbons appeared in a distinctive region of the spectrum which varied between 
84.4 to 107.5 ppm for (2-16) through (2-23). Two resonances within this region signified 
a symmetrically substituted germole. More than two resonances signified that mono-
substitution was likely to have occurred.  In (2-16), the alkynyl resonances were observed 
at δ 105.8 and 88.6 (Figure 2-15).  
 
Figure 2-15: 
13
C{
1
H} NMR spectrum of 1,1-bis(4-(trifluoromethyl)phenyl)-2,3,4,5-
tetraphenylgermole (2-16) 
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Additionally, substitutents like the trifluorotoluene exhibited other unique 
resonances that signified their presence within the molecule. For example, the phenyl ring 
carbon bearing the trifluoromethyl group exhibited a single resonance that was split due 
to the long range coupling with the fluorine atoms. 
19
F is a NMR active isotope (spin ½, 
100 % abundance). The carbon of the trifluoromethyl group also exhibited a quartet as a 
result of the one-bond coupling with three fluorine atoms quartet (Figure 2-16). 
 
Figure 2-16: Splitting pattern between the carbon and fluorine atoms of 1,1-bis(4-
(trifluoromethyl)phenyl)-2,3,4,5-tetraphenylgermole (2-16) 
 
Once the new heterocycles had been isolated, four primary areas were 
investigated that would give important information concerning potential applications for 
these germoles.  These areas included: crystal structure, absorption / emission data, AIE 
characteristics, and fluorescent switch behavior.   
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Crystal Structures. Single crystals of the germoles were grown from a variety of 
solvent mixtures, which are noted in the experimental section, as fluorescent green-
yellow blocks.  X-ray quality crystals were obtained for all the new germoles (2-16 
through 2-23). Germole (2-20) precipitated as a tetrahydrofuran solvate.  A summary of 
the crystal data and intensity parameters for the crystal structures that were obtained are 
provided in Appendix I (3 through 16). Table 2-1 contains the crystallographic data for 
(2-23). The ORTEP diagram of (2-23) was representative of all the germoles (Figure 2-
17). The diagram illustrated the highly twisted conformation that the phenyl substituents 
assumed relative to the germacyclopentadiene core. The peripheral phenyl substituents on 
the ring carbons are twisted out of plane with respect to the ring core and are twisted with 
the same sense within the compound.  The averaged dihedral angle for the phenyl 
substituents on the 2,5-ring carbons was ~ 38
o
 and for the 3,4-ring carbons ~ 63
o
  which 
was consistent with the reported dihedral angles of ~ 30
o
 and ~ 70
o 
for tetraphenyl 
substituted siloles.
13 
The only exception was (2-17) whereby the germanium  atom lies in 
a special position and has dihedral angles of 15.7
o
 and 65.3
o 
for
 
the phenyl substituents on 
the 2,5- and 3,4-ring carbons respectively.  The dihedral angles reported for 1,1-diphenyl-
2,3,4,5-tetraphenylgermole for the 2,5-ring carbon substituents were 0.7
o
 and 46.1
o 
while 
the 3,4-ring carbon substituents were 96.8
o
 and 63.4
o
 respectively.
40 
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Table 2-1: Crystallographic Data and Structure Refinement for (2-23) 
formula C44H28F2Ge 
fw 667.29 
cryst size/mm 0.32 × 0.33 × 0.38 
crystsyst triclinic 
space group P1 
a/Å 10.555(2) 
b/Å 11.095(2) 
c/Å 15.680(3) 
α/deg 92.23(3) 
β/deg 104.77(3) 
γ/deg 113.52(3) 
V/Å
3
 1607.5(8) 
Dcalcd/g cm
-3
 1.379 
Z 2 
abs coeff/mm
-1
 0.996 
θ range/deg 1.36 to 34.02 
reflns collected/indepreflns 50264/12224 
[R(int) = 0.027] 
abs correct numerical 
max. and min. transm 0.7467 and 0.6576 
final R indices [I>2σ(I)] 0.0395 
R indices (all data) 0.1121 
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Selected bond distances (Å), 
angles (deg), and torsions (deg): 
Ge1-C30 = 1.890(2), Ge1-C39 = 
1.897(2), Ge1-C2 = 1.954(1), 
Ge1-C5 = 1.940(2), C2-C3 = 
1.362(2), C3-C4 = 1.512(2), C2-
Ge1-C5 = 91.83(6), Ge1-C2-C3 
= 106.2(1), Ge1-C5-C4 = 
105.8(1), C2-C3-C4= 117.5(1), 
C3-C4-C5 = 1186(1), C30-Ge1-
C39 = 105.68(7), Ge1-C2-C24-
C25 = 36.5(2), Ge1-C5-C6-C7 = 
30.3(2), C2-C3-C18-C19 = -
113.9(2), C5-C4-C12-C13 = 
61.8(2). 
 
Figure 2-17: ORTEP diagram of (2-23). Thermal ellipsoids are shown at the 50% 
probability level; the hydrogens have been omitted for clarity. 
 
Electronic Transitions. The absorption spectra for methylene chloride solutions of 
germoles (2-16 through 2-23) were measured and the spectral data are summarized in 
Table 2-2.  All the germoles were weakly emitting in methylene chloride solutions at 
ambient temperature with quantum efficiencies that ranged from 0.0046-0.0071. Under 
similar experimental conditions, germoles (2-16 through 2-23) exhibited quantum 
efficiencies ca. 3x greater than either 1,1-dimethyl- or 1,1-diphenyl-2,3,4,5-
tetraphenylgermole for which the reported quantum efficiencies were 0.0015 and 0.0026, 
respectively.
40 
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Table 2-2: Absorption and Emission Data for 0.01 mM Methylene Chloride Solutions of 
(2-16) through (2-23) at Ambient Temperature. 
Germole Absorption λ (nm) Emission λ (nm) ΦF 
2-18 364 480 0.00457 
2-21 
2-20 
365 
365 
478 
482 
0.00570 
0.00464 
2-22 
2-17 
366 
366 
485 
486 
0.00578 
0.00508 
2-19 367 485 0.00569 
2-16 
2-23 
369 
369 
483 
488 
0.00582 
0.00538 
 
Similar to the trend observed for siloles, modifications of the 1,1- substituents 
resulted in a shift to longer absorption maxima as the substituents directly attached to the 
germanium center increased in electronegativity.
23 
Among a series of germoles 
possessing the same 1,1-substituents, the UV absorption shifted to longer absorption 
maxima in the order of Me (350 nm)  < Ph (358 nm)  < C≡CH (362 nm) < C≡C-R (364-
369 nm for (2-16) through 2-23)).
40 
Substitutions on the terminal position of the alkyne  
reflected a modest shift to longer absorption maxima as more electronegative groups 
were introduced, the upper and lower range of the absoption maxima were 364 and 369 
nm, respectively. In contrast to silole derivatives possessing alkynyl substituents at the 
1,1-positions, the absorption and emission wavelengths  remained unchanged despite 
varying the substituents on the terminal position of the alkyne from hydrogens to 
62 
 
phenyls.
41
 Such data demonstrated a greater sensitivity in germoles to the identity of the 
substituents, even those that are more remote bonds from the germanium center, which 
may allow more control in tuning the electronic properties.  
 
Solid-State Photoluminescence.  The solid-state photoluminescence was measured 
using a thin layer chromatography (TLC) method
41 
and the emission wavelengths are 
summarized in Table 2-3.  A thin layer of all the new germoles absorbed on a TLC plate 
fluoresced intensely in the blue-green region.  The intensity of the photoluminescence 
emission significantly increased compared to the corresponding weakly emissive 
solutions.  A trend in the red shift in the emission wavelengths was not readily apparent 
preventing elucidation of the nature of the effects of manipulating the 1,1-substituents on 
the luminescence properties of (2-16) through (2-23) in the solid and crystalline phases.  
The Stokes shift, a parameter necessary for fluorescence imaging measurements, were 
measured between the range of 117-132 nm. Stokes shifts above 100 nm are highly 
desirable as they allow ultra-sensitive fluorescent measurements. 
Table 2-3: Solid-State Emission Data for Germoles (2-16) through (2-23) at Room 
Temperature 
Germole Emission λ (nm) Stoke’s Shift (nm) 
(2-19) 484 117 
(2-21), (2-18), (2-17), (2-
22) 
485 120, 121, 119, 119 
(2-16) 486 117 
(2-20) 492 127 
(2-23) 493 124 
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Aggregation-Induced Emission.  While the AIE effect has been demonstrated in 
germoles, the availability of germole derivatives was limited which was why the AIE 
phenomenon was explored in several of the germoles prepared in this work. Germole (2-
16) was completely soluble in acetone as verified by dynamic light scattering 
measurements and was insoluble in water.  Initially (2-16) was dissolved in acetone and 
then a specified amount of water was added. Once the water was added to the mixture, 
the solubility of (2-16) was reduced causing aggregation which resulted in an increase in 
the photoluminescence (Figure 2-18a). As illustrated by Figure 2-18 b, the dilute acetone 
solution of (2-16) was weakly emissive; however, as the proportion of water to acetone 
increased in the mixed solvent system, the photoluminescence significantly increased. All 
variations within the mixed solvent system exhibited similar spectral profiles with 
minimal shifting of the emission wavelength maximum. Generally, aggregation red shifts 
the emission wavelength.  Noteworthy was that the onset of AIE that occured at ca. 30% 
water content within the mixed solvent system.  Tracy et al. studied similar 
concentrations of 1,1-dimethyl- and 1,1-diphenyl-2,3,4,5-tetraphenylgermole in a variety 
of mixed solvent-water systems and reported the earliest occurrence of AIE between 60-
70% water content in a mixed water-dioxane system.
42
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Figure 2-18: PL spectra for 0.01 mM of (2-16) in acetone and acetone-water mixtures at 
ambient temperature (a), excitation wavelength, 370 nm, and photographs of the acetone 
and acetone-water mixtures depicting the AIE behavior occurring in the graph 
 
Quantum yield.  The quantum yields in the acetone and acetone-water mixtures were 
calculated using 9,10-diphenylanthracene as a standard (Figure 2-19). 
43
 The quantum 
yield of the acetone solution was 0.0040. A slight increase in the quantum yield (0.0050) 
was observed at a water content of ~ 30% implying that (2-16) was already beginning to 
aggregate. When the water content of the acetone- water system was 90%, the quantum 
yield increased to 0.26, which is 65 times higher than the original acetone solution.   
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Figure 2-19: Quantum yield of (2-16) versus the water content of the mixed acetone-
water systems. 
 
All variations within the mixed acetone-water solvent system exhibited a similar 
absorption spectral profile with broad absorption bands that trail into the long wavelength 
region and a slight red shift of the wavelength maximum (Figure 2-20). The spectral 
profiles implied that (2-16) had aggregated in the acetone-water mixtures since both 
broad absorption bands and red shifts are characteristic optical responses related to the 
Mie scattering effect associated with the presence of small, metallic particles.
44
 Light 
scattering patterns can be used to evaluate the shape and composition of particles; Mie 
scattering suggested that the particles were spherical. Dynamic light scattering 
measurements taken within ca. 40 minutes of preparing the samples also suggested that 
(2-16) had aggregated into nanoparticles with average sizes of 47 and 74 nm in the 
acetone-water mixtures with water contents of 80% and 90% respectively.  
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Figure 2-20: Absorption spectra of 0.01mM of (2-16) in the mixed acetone-water solvent 
systems 
Transmission electron microscopy (TEM) was used to analyze the nature of the 
aggregate formation in the acetone-water mixtures. In the 10% acetone - 90% water 
mixture, the TEM images of (2-16) suggested the formation of nanoparticles with 
individual dimensions that are closer to 100 nm that aggregate in small clusters. The 
smaller aggregate clusters were more prevalent than the larger aggregate clusters (Figure 
2-21). As in solid phase crystals, it was reasonable to conclude that the aggregates pack 
in an arrangement which minimized π-π stacking of any planar segments of the germole. 
Lack of intermolecular π-π interactions as well as an increased restriction of any 
molecular motions imposed by the crystalline lattice would promote the 
photoluminescence observed in the acetone-water mixtures. 
The crystalline nature of the particles from (2-16) was confirmed by electron 
diffraction patterns (Figure 2-22). The fact that the aggregates were crystalline was 
important information because crystallization has been known to adversely affect 
 
67 
 
conventional fluorophore molecules as a result of the concentration effect of ACQ which 
was described earlier in this chapter. Crystallization brings adjacent molecules into close 
proximity resulting in red shifting of the emission maxima and significantly decreasing or 
diminishing the intensity of the light emission.
45
 
  
 
Figure 2-21: TEM images of 0.05 mM of (2-16) illustrating the small aggregate clusters 
(a) and one of the larger aggregate clusters (b) that were observed in the water-acetone 
mixture containing 90% water 
 
 
Figure 2-22: Electron diffraction pattern exhibited by aggregates that formed in the 10% 
water-90% acetone mixture of (2-16) 
(a) (b) 
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Applications.  Germoles (2-16) through (2-23) were tested as potential chemosensors for 
the detection of volatile organic compounds (VOCs).   The photoluminescence was 
monitored as thin films of the germoles that were exposed to organic vapors. TLC plates 
were spotted with ca. 10
-3 
M methylene chloride solutions of the germoles and allowed to 
thoroughly dry. The thin film of (2-23) intensely fluoresced (Figure 23a).  Upon exposure 
to acetone vapor, the emission was rapidly quenched (Figure 23b).  This was consistent 
with the acetone vapor condensing on the TLC plate and dissolving the germole which 
quenched light emission. This represented the “OFF” switch.  Once the acetone vapor 
evaporated, the emission from (2-23) resumed (Figure 23c) suggesting that after the 
acetone evaporated, the germole aggregated and once again, emitted light.  This 
represented the “ON” switch.  This luminescence switch behavior was repeated multiple 
times and with several different VOCs (dichloromethane, acetonitrile) without adversely 
affecting the light emission. 
   
 
Figure 2-23: Photos of TLC plates spotted with a germole (a) prior to, (b) during, and (c) 
after exposure to solvent vapors. 
 
In order to obtain a spectroscopic picture of how the photoluminescence changes 
upon exposure to VOCs, thin films of the germoles were exposed to the vapor and 
monitored at regular time intervals using a spectrofluorimeter. The thin films were 
prepared by coating the inner wall of a quartz cell with ca. 10
-3 
M methylene chloride 
(a) (b) (c) 
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solutions of the germoles. A cotton swab tip saturated with acetone was placed in the 
bottom of the cell. A comparison of (2-23) with 1,1-diethynyl-2,3,4,5-
tetraphenylgermole,
27
 an AIE-active germole, yielded a unique result. Upon exposure to 
acetone vapor, light emission was rapidly quenched for both (2-23) and 1,1-diethynyl-
2,3,4,5-tetraphenylgermole on TLC plates; however, the germoles exhibited different 
luminescent behavior on quartz. The photoluminescence of the thin film of (2-23) on 
quartz decreased until the emission was significantly diminished (Figure 2-24) while the 
photoluminescence of 1,1-diethynyl-2,3,4,5-tetraphenylgermole blue shifted and 
intensified over time (Figure 2-24). Although this luminescent behavior appeared 
contrary to the observed quenched emission on the TLC plate, a similar increase in 
photoluminescence on quartz was reported for hexaphenylsilole (HPS)
46
 and 1,1-
diethynyl-2,3,4,5-tetraphenylsilole
45
. SEM analysis of these quartz thin films performed 
by Tang et al. revealed that the VOCs had induced crystallization in the saturated silole 
solution that formed as the vapor condensed on the thin film. The crystallization was 
proposed to be the reason for the blue shift and enhanced emission. This hypothesis was 
referred to as crystallization-enhanced emission (CEE). According to the CEE effect, 
there are two types of aggregates in molecules that exhibit AIE, amorphous and 
crystalline, and the transformation from one form to another affects the 
photoluminescence. The difference between the two forms may lie in the degree of 
twisting of the peripheral aryl substituents.  The conformation of amorphous aggregates 
was proposed to be slightly more planar than in crystalline aggregates which lowered 
emission.
1
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Figure 2-24: Spectra collected at different times depicting the effect of acetone vapor on 
(2-23) (a) and 1,1-diethynyl-2,3,4,5-tetraphenylgermole (b) coated on a quartz cell. 
Excitation at 375 nm and 365 nm, respectively 
Using the CEE effect to explain the photoluminescence behavior observed 
between (2-23) and 1,1-diethynyl-2,3,4,5-tetraphenylgermole, it is probable that the 
acetone vapor condensed on the quartz thin film forming a liquid layer containing the 
1,1-diethynyl-2,3,4,5-tetraphenylgermole.  In the liquid layer, the germole was rapidly 
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transformed from an amorphous to crystalline form resulting in the observed enhanced 
photoluminescence (Figure 2-24).  Since the photoluminescence of the thin film of (2-23) 
on quartz decreased (Figure 2- 24), then consistent with the CEE effect, the acetone vapor 
condensed on the quartz forming a thin film that gradually dissolved the germole which 
explained why the emission was quenched with prolonged exposure to the acetone vapor.  
 
In order to further explore the CEE effect, the morphology of the quartz thin films 
of (2-23) and 1,1-diethynyl-2,3,4,5-tetraphenylgermole were investigated by scanning 
electron microscopy (SEM)  before and after exposure to acetone vapor.  The high 
resolution SEM images suggested that the thin films of (2-23) (Figure 2-25 a) and 1,1-
diethynyl-2,3,4,5-tetraphenylgermole (Figure 2-25 b) are smooth and amorphous prior to 
exposure to acetone vapor.  The images of the thin films after being exposed to acetone 
vapor for ten hours suggested that acetone vapor induced both germoles to crystallize 
(Figure 2-26).  Crystallization was observed for several of the other new germoles with 
minimal shifting of the emission wavelength maximum and diminished 
photoluminescence with prolonged exposure to acetone vapor. 
  
Figure 2-25: SEM images of the thin films of (2-23) (a) and 1,1-diethynyl-2,3,4,5-
tetraphenylgermole (b), respectively prior to exposure to acetone vapor using a lower E-T 
detector at 250x 
(a) (b) 
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Figure 2-26: SEM images of the thin films of (2-23) (a) and 1,1-diethynyl-2,3,4,5-
tetraphenylgermole (b)  after exposure to acetone vapor using the higher E-T detector at 5 
kx and 20 kx, respectively 
 
Since this unique photoluminescence behavior for the thin films on quartz was 
only observed for hexaphenylsilole (HPS) and 1,1-diethynyl-2,3,4,5-tetraphenylsilole, it 
was proposed that highly symmetrical structures such as in these two siloles are able to 
pack more efficiently than unsymmetric siloles which may aid the crystallization 
process.
45
 As a result of the efficient packing arrangement, multiple CH-π bonds were 
identified in hexaphenylsilole (HPS) and 1,1-diethynyl-2,3,4,5-tetraphenylsilole that were 
speculated to further aid in restricting intramolecular motions of the peripheral aryl 
substituents by locking the conformation into a fixed position within the crystalline lattice 
which enhanced the photoluminescence emission. The packing arrangement of the 
crystals of (2-23) was examined more closely for evidence of any cooperative bonding 
(a) (b) 
73 
 
interactions.  The crystal structure of (2-23) illustrated that adjacent molecules pack in 
such a way that the phenyl substituents were orthogonal and could not overlap (Figure 2-
27).  The closest distance between the 3,4-phenyl substituents of two adjacent molecules 
of (2-23) was 6.915Å (Figure 2-27 a), which was too great a distance for any π-π stacking 
or CH-π interactions. The ring cores are staggered with respect to one another with an 
interplane distance between the germole cores of 10.555Å (Figure 2-27 b), which was too 
great a distance for any intermolecular interactions.  There were, however, multiple CH 
groups as well as fluorine atoms present in (2-23) that could participate in non-
conventional, weak CH-π hydrogen bonding in two regions within the packing 
arrangement.  Both potential cooperative interactions involved the substituted phenyl ring 
of one of the 1,1-substituents with the phenyl substituents on an alpha carbon in the ring 
core and another 1,1-substituent of a second molecule located directly above (Figure 2-27 
b). The distances between these segments are 3.067 Å and 2.744 Å, respectively.  These 
measurements are within hydrogen bonded and intermediate (type CH-X) intermolecular 
approaches of ca. 3.0 Å which were demonstrated for edge-to-face orientations in several 
siloles.
47 
Given the evidence of crystallization of (2-23) with prolonged exposure to 
acetone and the additional stabilizing effects of cooperative CH-π interactions, it was 
conceivable that the difference in photoluminescence on quartz between (2-23) and 1,1-
diethynyl-2,3,4,5-tetraphenylgermole was the result of the time it took for (2-23)  to 
efficiently pack.  The gradually diminishing photoluminescence of (2-23) on the quartz 
thin film suggested that the condensing acetone vapor dissolved the germole. Once 
dissolved, the longer, bulkier 1,1-substituents on (2-23) experienced disorder and 
therefore, required more time to properly orient and assemble so that crystallization and 
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the ensuing cooperative CH-π interactions could occur. This could explain why the PL 
was not enhanced or blue shifted within the time period that the quartz thin films were 
monitored using a spectrofluorimeter.  It would be interesting to see if germoles in the 
crystalline phase are stronger, bluer emitters than their amorphorus phase counterparts as 
is the case for many AIE-active molecules
13
; however, this investigation would require 
measurements using an absolute integrating sphere, an instrument that was not available. 
 
 
(a)
 
 
 
Figure 2-27: The packing arrangement of the crystals of (2-23) 
 
Germoles possessing polar functional groups 
A segment of the research was devoted to developing germoles that could be used 
as fluorescent (FL) biosensors for the detection of biological molecules and proteins. The 
development of biosensors and assays is of fundamental importance for detection and 
quantification of DNA and other relevant biomolecules, nucleotide sequence 
characterization, and deciphering processes at the protein level. Such biosensors and 
assays will be extremely important as DNA and protein technologies gain importance in 
(b) 
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the medical diagnostic field and proteome research. DNA and protein sensing probes will 
allow rapid and reliable analysis of patient samples against known genomic data.
48
 
Fluorescent biosensors have proven to be the most useful in these applications as they 
exhibit ultra-high sensitivity, low background signals, and wide dynamic ranges. The 
rapid and simple operation of FL biosensors provides a wealth of information from 
relatively small samples.  
Despite their efficiency, there are a number of issues associated with conventional 
FL biosensors that require further investigation and improvement. The synthetic 
procedures for preparing FL biosensors can be labor intensive. Improving the stability of 
the fluorophore and increasing the size of the Stokes shift, the existence of which allows 
for ultra-sensitive measurements, remain synthetic challenges in the development of FL 
biosensors.
49
 Another common problem encountered by the majority of FL biosensors is 
fluorophore aggregation (ACQ) which leads to the quenching of light emission which 
was described earlier in this chapter. As a result of the AIE effect, non-emissive 
molecules such as germoles light up upon aggregation and do not fall victim to the ACQ 
effect. Without the limitations imposed by concentration or extensive design efforts, 
germole biosensors would be excellent candidates for potential use as highly sensitive 
fluorescent turn-on sensors for DNA and other relevant proteins as well as nuclease 
assays.  
The rational for this work was based on incorporating hydrophilic functional 
groups such as amines, ammonium, hydroxyls, sulfonates, or carboxylates into the 
peripheral groups on the germole ring core. By manipulating the protonation or 
deprotonation processes of these functional groups a charged species could be generated 
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which would make the germoles water soluble. Identification of most biological 
molecules as well as the monitoring of their processes occurs while in an aqueous buffer.  
The strategy for using these water soluble germoles was as follows. While 
dissolved in an aqueous buffer, the solution of the germole should be weakly emissive 
since the germole is not aggregated. Upon the addition of a biological molecule, the 
solution should become highly emissive. Many proteins such as DNA or RNA possess 
charged functional groups in their skeletons. An electrostatic interaction between the 
charged segments of the germole and any charged groups on the biological molecule 
should result in the formation of an aggregation complex. Based on the AIE effect, the 
aggregation complex should become highly emissive as the rotations of the peripheral 
groups on the germole core are restricted within the complex. The fundamental working 
principles of this design have already been used with several cationic thiophene 
polymers
50
 which served as a model for the design of a handful of siloles
51
 which 
exhibited ultra-sensitivity in the detection of targeted DNA.  
The AIE property of a germole could be applied to design label-free FL assays
52
 
that would provide a simple visual method for monitoring nuclease activity as it is 
occurring. Conventional nuclease assay methods (i.e. high-performance liquid 
chromatography (HPLC) or radioactive labeling) involve complicated procedures and are 
time consuming. The fragmentation of DNA by various nucleases plays a prominent role 
in replication, repair, and recombination processes. The mechanism of the assay should 
be relatively straightforward. The intensity of the light emission of the aggregation 
complex should be high since multiple germoles would accumulate on the DNA strand. If 
DNA is cleaved with a nuclease or hydroxyl radical
51
, then the electrostatic interaction 
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between the germole and DNA fragment are weakened. As the cleavage reaction 
progresses, the intensity of the light emission would steadily decrease until it is 
diminished as the electrostatic interactions were disrupted.  
In order to investigate these potential applications as FL biosensors, several 
symmetrical and unsymmetrically substituted germoles possessing polar functional 
groups were planned. It was hoped that these polar derivatives could be prepared using 
the same precursors which were synthesized for the other new germoles: 1,1-dichloro-
2,3,4,5-tetraphenylgermole (2-7), 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9), and 1-
ethynyl-1-phenyl-2,3,4,5-tetraphenylgermole (2-10). These precursors as well as the 
synthetic procedures were selected for their flexibility that were anticipated to allow 
incorporation of a wide range of polar, hydrophilic functional groups into the germoles. 
Attempts to prepare 1,1-symmetrical germoles possessing polar functional groups 
This endeavor began by attempting to incorporate amines into 1,1-dichloro-
2,3,4,5-tetraphenylgermole (2-7). Amines have shown wide diversity in the development 
of biosensors with multiple silole derivatives. The ammonium cation which is necessary 
for biological applications as well as water solubility can be synthetically formed or 
generated in situ by adjusting the pH of the buffer solution to be slightly acidic.
53
  
2.3.3.1   Synthesis of 4-bromo-N,N-diethylbenzylamine (2-24) 
(2-24) 
Equation 2-11 
 
78 
 
Preparation 4-bromo-N,N-diethylbenzylamine (2-24) 
The diethylbenzylamine (2-24) was anticipated to be a highly functional 
substituent. The phenyl ring would extend the conjugation between the germole ring and 
the substituent which should enhance fluorescence. The methylene group would be 
utilized as an extender which would allow an easier approach of the amino group towards 
a target molecule in potential applications. The diethylbenzylamine (2-24) was not 
commercially available and therefore, it was prepared using a known procedure
53
 
involving the reaction of 4-bromobenzyl bromide and neat diethylamine via an SN2 
mechanism (Equation 2-11). The diethylamine readily reacted with the benzyl bromide at 
room temperature within a few hours. An excess of the diethylamine was used since a 
portion was converted to the ammonium bromide salt. 
Characterization 
The diethylbenzylamine (2-24) was obtained as orange oil. GC analysis indicated 
that (2-24) was the primary product (99 %) which was observed at 8.4 minutes. Due to 
the high purity of (2-24) in the mixture, no further purification measures were taken. 
However, the diethylbenzylamine (2-24) could be purified using silica gel 
chromatography using ethyl acetate as an eluent.  
The 
1
H NMR spectrum of (2-24) exhibited two distinctive doublets at δ 7.42 and 
7.21 for the aromatic protons. The methylene protons were observed as a singlet at δ 3.50 
while the resonances of the ethyl groups exhibited the characteristic quartet and triplet at 
δ 2.50 and 1.03 (Figure 2-28). These resonances were readily identified in the 13C{1H} 
NMR spectrum. Four aromatic carbons were observed at δ 139.3, 131.6, 131.3, and 
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120.5. The methylene carbon appeared in a distinctive region at δ 57.1 while the ethyl 
carbons appeared at δ 46.9 and 11.9 (Figure 2-29).  
 
Figure 2-28: 
1
H NMR spectrum of 4-bromo-N,N-diethylbenzylamine (2-24) 
 
 
Figure 2-29: 
13
C{
1
H} NMR spectrum of 4-bromo-N,N-diethylbenzylamine (2-24) 
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2.3.3.2   Attempted synthesis of 1,1-bis(diethylbenzylamine)-2,3,4,5-
tetraphenylgermole (2-25) 
(2-25) 
Equation 2-12 
 
Attempted preparation of (2-25) 
The protocol employed to obtain the 1,1-bis(diethylbenzylamine)-2,3,4,5-
tetraphenylgermole (2-25) involved a salt metathesis between the 1,1-dichloro-2,3,4,5-
tetraphenylgermole (2-7) and an aryllithium reagent. The aryllithium reagent was 
prepared in a separate flask so that its formation could be monitored by GC. An aliquot 
was taken ca.35 minutes after the addition of n-butyllithium was completed. The sample 
was quenched with an aqueous solution of ammomium chloride and extracted with bulk 
diethyl ether. The GC analysis indicated that small percentage (7.5%) of the starting 
material (2-25) remained and was observed at 9.0 minutes. The protonated 
diethylbenzylamine that was produced from the hydrolysis of the lithium reagent was 
observed at 6.3 minutes as the major species (91%). A second aliquot was taken ca. 1 
hour after the addition of n-butyllithium was completed. The GC analysis indicated that 
the starting material was no longer being converted and that the lithiated species was 
beginning to decompose (89%). Since the conversion was not progressing further, the 
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lithiated species was then added to a THF solution of the germole which had been cooled 
to - 78 oC. The lithiated diethylbenzylamine was added drop-wise via syringe. With each 
drop, a bright red color appeared which quickly dissipated with rapid stirring. Although 
not confirmed, it was speculated that a transient germole dianion may have been formed. 
Germole dianions have been reported to exhibit a distinctive red color such as that which 
was observed.
18
 However, the final color of the reaction was yellow. The resulting 
solution was allowed to gradually warm to room temperature and stirred overnight.  
Characterization 
The crude reaction mixture was subjected to a standard aqueous work-up 
followed by purification by silica gel chromatography using ethyl acetate and hexane as 
an eluent. NMR analysis of this reaction indicated that the targeted diethylbenzylgermole 
(2-25) had not been produced. There was no trace of any segment of the 
diethylbenzylamine (2-24) substituent in either the 
1
H or 
13
C{
1
H} NMR spectra of the 
yellow solid obtained. The identity of yellow solid which was obtained as the major 
product from this reaction remained a mystery. It was initially thought that the starting 
material, the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) had been recovered. Although 
the spectra of (2-7) and the unidentified product were very similar, the chemical shifts in 
both the 
1
H and the 
13
C{
1
H} NMR spectra reflected significant differences such that a 
positive identification could not be made.  
The 
1
H NMR spectrum of yellow solid resembled (2-7) however, several of the 
resonances are significantly shifted upfield (Figure 2-30). The integration of these 
resonances indicated ca. 22 protons compared to 20 protons present in (2-7). This 
suggested that the 2,3,4,5-tetraphenylgermole core of (2-7) could still be intact. However, 
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there were no additional resonances which could be identified to suggest what 
transformation was the source of the pronounced shifts.  
 
Figure 2-30: 
1
H NMR spectrum of the yellow solid obtained from the reaction between 
the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) and the lithiated diethylbenzylamine 
(2-24) 
 
The 
13
C{
1
H} NMR spectrum provided little information as to the identity of the 
yellow solid. Similar to (2-7), there were ten different resonances which exhibited 
significant shifts when compared to the 1,1-dichloro-2,3,4,5-tetraphenylgermole. A 
resonance was observed at δ 152.8 that was in the characteristic region of the β-carbon of 
a five-membered germole ring (Figure 2-31). The number of resonances indicated that 
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the yellow solid is symmetrical since an unsymmetrically substituted germole would 
exhibit more resonances. 
 
Figure 2-31: 
13
C{
1
H} NMR spectrum of the yellow solid obtained from the reaction 
between the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) and diethylbenzylamine (2-24) 
 
Unsymmetrical 1,1’-substituted germoles (2-11) 
An important intermediate for the preparation of the unsymmetrical 1,1’-
substituted germoles was the 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9). This 
heterocycle served as the platform for two additional germoles which could potentially be 
used as building blocks for functionalized derivatives.  
 
84 
 
2.3.3.3   Synthesis of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
 
Equation 2-13 
Preparation of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
Similar to the preparation of the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7), 
the Curtis procedure was used to synthesis (2-9) by reacting diphenylacetylene with 
lithium metal and then treating the resulting 1,4-dilithio-2,3,4,5-tetraphenyl-1,3-butadiene 
with trichlorophenylgermane (Equation 2-13).
18
 In both the preparation of (2-7) and (2-
9), it was important to avoid the use of an excess of lithium metal and prolonged reaction 
times which can lead to side reactions. The most common byproduct from these side 
reactions was triphenylnaphthalene whose formation was marked by a distinct color 
change of the reaction mixture from brownish green to brownish violet.
17 
When this 
occurred, the reaction mixture was typically discarded as little of the 1,4-dilithio-2,3,4,5-
tetraphenyl-1,3-butadiene remained for quenching with the germanium chloride reagent.  
Unlike the preparation of the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) which can 
withstand a standard aqueous work-up, it was found that (2-9) was more sensitive to 
moisture during this phase of the synthesis. The solution of (2-9) was concentrated and 
extracted into bulk dichloromethane as was the procedure with the 1,1-dichloro-2,3,4,5-
tetraphenylgermole (2-7). It was thought that during this process an additional compound 
was formed which was speculated to be 1-hydroxy-1,2,3,4,5-pentaphenylgermole (2-26). 
This assumption was supported by the appearance of a broad resonance in the 
1
H NMR 
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spectrum at δ 4.68 (Figure 2-32) and a nominal mass verification using high resolution 
mass spectrometry. Although the chemical shifts of the –OH hydrogen can be variable, 
they are commonly found between 4-5 ppm. Outside of this single resonance, the proton 
and carbon spectra of this compound appeared identical to (2-9). Therefore, it was 
recommended for future preparations of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) that 
all the diethyl ether be removed under vacuum and then the residue dissolved in dry 
toluene under inert conditions to quench any remaining radical species. 
 
Figure 2-32: Molecular structure of 1-hydroxy-1,2,3,4,5-pentaphenylgermole (2-26) 
 
 
Figure 2-33: 
1
H NMR spectrum of 1-hydroxy-1,2,3,4,5-pentaphenylgermole (2-26) 
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Characterization 
The crude 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) was recrystallized 
multiple times using a dichloromethane / hexane solvent system to afford a yellow 
crystalline solid. Identification of (2-9) using 
1
H NMR spectroscopy was straightforward. 
The chemical shifts for the 2,3,4,5-tetraphenyl germole core remained consistent 
appearing slightly upfield of the chloroform-d solvent peak. This trend was also observed 
in the spectrum of the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) which exhibited a 
series of resonances for the aromatic protons at δ 7.17, 7.16, and 6.86 (Figure 2-11). In 
the 
1
H NMR spectrum of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) the resonances for 
the 2,3,4,5-tetraphenyl germole core appeared at δ 7.07, 7.01, and 6.88 while the 
resonances for the phenyl substituent on the germanium center were clearly observable 
downfield at δ 7.69 and 7.45 (Figure 2-34). Integration of the resonances at δ 7.69 and 
7.45 indicated five protons which were expected for the phenyl substituent while the 
resonances at δ 7.07, 7.01, and 6.88 indicated twenty protons which were consistent with 
the four phenyl rings on the germole core of (2-9). 
 
Figure 2-34: 
1
H NMR spectrum of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
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The 
13
C{
1
H} NMR spectrum of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
exhibited fourteen different carbon resonances as compared to the ten resonances which 
were observed in the spectrum of the dichloro germole (2-7). This observation of four 
new carbon resonances was consistent with the presence of an additional phenyl ring on 
the germanium center. Noteworthy was the apparent effect of substituting a phenyl ring 
for a chlorine atom within (2-7) and (2-9). The resonances for the α- and β-carbons of the 
five-membered central ring were observed at δ 150.1 and 136.7 respectively in the 
dichloro germole (2-7) (Figure 2-12) and at δ 153.0 and 138.1 respectively for the (2-9) 
(Figure 2-35). Phenyl substituents impose a mild electron withdrawing effect. This 
influence on the germanium center appeared to have an inductive effect on the five-
membered central ring causing the downfield shift of the α- and β-carbons of (2-9) as 
compared to the dichloro germole (2-7). 
 
 
Figure 2-35: 
13
C{
1
H} NMR spectrum of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
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Since substituting the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) with various lithiated 
acetylenes that had been generated from commercially available terminal acetylenes and 
n-butyllithium had been successful, this approach was tested with (2-9). 
2.3.3.4   Synthesis of 1-ethynylphenyl-1,2,3,4,5-pentaphenylgermole (2-27) 
 
Equation 2-14 
Preparation of 1-ethynylphenyl-1,2,3,4,5-pentaphenylgermole (2-27) 
A similar procedure which was used to substitute (2-7) was used to form (2-9). 
Initially, commercially available phenylacetylene was lithiated in dry THF using n-
butyllitium at -78 oC.  Once the addition was complete, the colorless reaction mixture 
was stirred at this temperature for 15 minutes.  The resulting alkynyllithium solution was 
then added in one portion to a solution of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) in 
dry THF that had been cooled to 0 oC.  The yellow reaction mixture was allowed to 
gradually warm to room temperature and stirred overnight.  
Characterization 
The crude mixture was purified using column chromatography to yield a yellow 
residue. However, some of the starting alkyne, phenylacetylene, eluted with the germole 
(2-27) which accounted for the oily texture of the residue. The phenylacetylene was also 
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observed in the NMR spectra. The 
1
H NMR spectrum of germole (2-27) was compared to 
the starting material, 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) (Figure 2-36).  
The resonances for the 2,3,4,5-tetraphenyl germole core were slightly shifted but easily 
identified as they remained in the same region as compared to (2-9) which were observed 
at δ 7.04 and 6.88. The resonances for the phenyl substituent on the germanium center 
which consisted of two distinct sets of multiplets in (2-9) that integrated for two and three 
protons respectively were now partially overlapping with the ethynylphenyl substituent. 
The chemical shifts for the protons of phenyl substituents on the germanium center 
appeared to exhibit a similar trend that was assigned as follows: the two protons alpha to 
the ipso carbon (A) are the most downfield while the other three protons (B) are more 
upfield. This trend was observed in the 
1
H NMR spectrum of germole (2-26). The two 
(A) protons of the phenyl ring directly attached to the germanium center were observed at 
δ 7.71 while the two (A) protons of the phenyl ring of the ethynylphenyl substituents 
were observed at δ 7.50. The six (B) protons for both substituents overlapped at δ 7.42 
and 7.33 with some residual starting alkynyl material, phenylacetylene, which has five 
aromatic resonances at δ 7.48 and 7.40 - δ 7.21. 
 
The 1-phenyl-2,3,4,5-tetraphenylgermole core of (2-9) was easily identified in the 
13
C{
1
H} NMR spectrum of 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-27) even though 
there are now four additional aromatic carbon resonances as compared to the ten 
resonances which were observed in the spectrum of the dichloro germole (2-7). This 
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observation of four new carbon resonances was consistent with the presence of an 
additional phenyl ring of the ethynylphenyl substituent (Figure 2-37).  
 
Figure 2-36: 
1
H NMR spectrum of germole (2-27) compared to the starting material, 1-
chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
 
Figure 2-37: 
13
C{
1
H} NMR spectrum of germole (2-27) compared to the starting 
material, 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
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The most diagnostic features were the appearance of the alkynyl carbons at δ 93.9 
and 88.2 which are not visible in the figure shown above to allow a better display of the 
aromatic carbons; however, the full spectrum can be viewed in Appendix II.  
An attempt to incorporate the 4-bromo-N,N-diethylbenzylamine (2-24) into the 1-
chloro-1,2,3,4,5-pentaphenylgermole (2-9) was made in hopes of obtaining a germole 
possessing a polar functional group. Since the salt metathesis between the 1,1-dichloro-
2,3,4,5-tetraphenylgermole (2-7) and an aryllithium reagent was unsuccessful, an attempt 
to incorporate the amine was made using a Grignard reagent. It was anticipated that this 
protocol would be successful since both the 1,1-dichloro-2,3,4,5-tetramethyl-
54
 and the 
1,1-dichloro-2,3,4,5-tetraphenylgermole were successfully treated with one equivalent of 
a Grignard reagent to yield a series of 1,1’-substituted germoles in good yields. One of 
the Grignard reagents used in this method was an amine, p-(dimethylamino)phenyl.
55
 
2.3.3.5   Attempted synthesis of 1-diethylbenzylamine-1,2,3,4,5-pentaphenylgermole 
(2-28) 
 
Equation 2-15 
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Preparation of (2-28) 
In order to form the Grignard, it was important to activate the magnesium since a 
layer of oxide typically coats the metal. This was accomplished by adding a small 
quantity of 1,2-dibromoethane to the suspension of magnesium in dry THF at room 
temperature.
56
 As the dibromoethane was converted to ethylene and magnesium bromide 
small portions of freshly exposed magnesium react with the 4-bromo-N,N-
diethylbenzylamine (2-24) (Equation 2-15). The THF solution of (2-24) was slowly 
added drop-wise to the suspension to allow adequate time for fresh surface area to be 
exposed by the dibromoethane.  
After the addition of the 4-bromo-N,N-diethylbenzylamine (2-24) was complete, 
the reaction mixture was initially allowed to stir at room temperature for ca. 30 minutes. 
The GC analysis of an aliquot taken at this time showed no indication that the Grignard 
was being formed. Only the starting material was observed at 8.3 minutes. Based on this 
observation, the suspension was gently heated at 50 oC using an oil bath. Evolution of 
ethene was observed for ca.15-20 minutes as it condensed on the flask which was 
accompanied by the formation of salt. A second aliquot was taken ca.30 minutes after the 
heating began. The GC analysis indicated that the major species was the starting material 
(2-24) (86.5%) while the product resulting from the quenching of the Grignard was 
observed at 6.1 minutes as a minor component (13.4%). Aliquots monitoring the 
Grignard formation were taken every 30 minutes until complete conversion was 
indicated. Efficient conversion to the Grignard reagent was achieved within ca.1 hour and 
45 minutes after the heating began. The Grignard reagent was then added in small 
portions to a THF solution of 1-chloro-1,2,3,4,5-pentaphenyl germole (2-9) at room 
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temperature under inert conditions. The pale yellow reaction mixture was stirred at room 
temperature overnight.  
Characterization 
NMR analysis of the reaction mixture suggested that the targeted 1-
diethylbenzylamine-1-phenyl-2,3,4,5-tetraphenylgermole (2-28) had not been produced. 
The 
1
H NMR spectrum of the reaction mixture suggested a single species; the spectrum 
was similar to the starting material, 1-chloro-1,2,3,4,5-pentaphenyl germole (2-9), which 
led to the conclusion that the coupling of the Grignard reagent had not occurred (Figure 
2-38). Nor was there any trace of the diethylbenzylamine substituent (Figure 2-39). 
Although it was never determined what processes occurred during the reactions with the 
amine, the absence of its resonances suggested that it had not been retained in the organic 
solvent fractions during work-up. This would suggest that the amine may have been 
protonated or altered in such a way that it was soluble in the aqueous phase. The aqueous 
fractions were not analyzed. 
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Figure 2-38: Aromatic region of the 
1
H NMR spectra the reaction mixture of 1-chloro-
1,2,3,4,5-pentaphenyl germole (2-9) with the Grignard reagent 
 
Figure 2-39: 
1
H NMR spectrum of the reaction mixture of 1-chloro-1,2,3,4,5-
pentaphenyl germole (2-9) with the Grignard reagent 
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The difficulties experienced with attempting to synthesize germoles containing 
polar functional groups by general protocols may stem from an incompatibility of 
organometallic intermediates with these particular groups. Efforts then turned towards 
developing a versatile pathway for functionalizing germoles. It was hoped that a general 
synthetic pathway which utilized a palladium-catalyzed cross-coupling of aryl halides 
and terminal alkynes would allow the incorporation of polar moieties.  
2.3.3.6   Synthesis of 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
 
Equation 2-16 
 
Preparation of 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
Although the 1-ethynyl-1-phenyl-2,3,4,5-tetraphenylsilole was a known 
compound, the corresponding germole was not. The silole was prepared using a 
modification to the Curtis procedure which essentially transformed the process into a 
one-pot synthesis.
41
 However, this particular procedure produced the silole in low yield 
(30%). Therefore, it was decided to prepare the germole (2-10) via a more efficient route. 
The 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) was reacted with the commercially 
available Grignard reagent, ethynylmagnesium bromide (Equation 2-16). Initially, the 
germole was reacted with one equivalent of the Grignard and the reaction mixture was 
stirred for two and half hours at room temperature. However, a large portion of the 1-
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chloro-1,2,3,4,5-pentaphenylgermole (2-9) starting material was recovered unreacted. 
The number of equivalents of the Grignard reagent was increased to two and half and the 
reaction mixture was stirred overnight at room temperature. These modifications 
produced the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) with a yield of 40%. 
Reactions with Grignard reagents are reported to be sluggish and often require an 
induction period. Since stirring the reaction mixture overnight resulted in relatively half 
of the 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) being converted to the ethynyl 
derivative, the number of equivalents of the Grignard reagent were increased to five in 
lieu of a longer reaction time. Using this method, the targeted 1-ethynyl-1,2,3,4,5-
pentaphenylgermole (2-10) was obtained in good to high yields.  
Characterization 
The chemical shifts of the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) were 
very similar to those observed in the 
1
H NMR spectrum of 1-chloro-1,2,3,4,5-
pentaphenylgermole (2-9) which suggested that the basic structure of the germole 
remained unchanged. The resonances for the 2,3,4,5-tetraphenyl germole core appeared 
at δ 7.03 and 6.89 while the resonances for the phenyl substituent on the germanium 
center were observed downfield at δ 7.74 and 7.40 (Figure 2-40). Integration of the 
resonances at δ 7.74 and 7.40 indicated five protons while the resonances at δ 7.03 and 
6.89 indicated twenty protons which were consistent with (2-10). The diagnostic feature 
of the 
1
H NMR spectrum which indicated the formation of the 1-ethynyl-1,2,3,4,5-
pentaphenylgermole (2-10) was the singlet at δ 2.71 which integrated for one proton 
(Figure 2-41). This was consistent with a proton of a terminal alkyne that typically 
appears between 2.5 to 4 ppm in the 
1
H spectrum.  
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Figure 2-40: Comparsion of the aromatic resonances in the 
1
H NMR spectra between (2-
9) and the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
 
Figure 2-41: 
1
H NMR spectrum of the 1-ethynyl-1,2,3,4,5-pentaphenylgermole  
(2-10) 
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A similar trend was observed in the 
13
C{
1
H} NMR spectrum of 1-ethynyl-
1,2,3,4,5-pentaphenylgermole (2-10) which closely resembled that of the 1-chloro-
1,2,3,4,5-pentaphenylgermole (2-9) suggesting that the 1-phenyl-2,3,4,5-
tetraphenylgermole substructure remained intact (Figure 2-42). The diagnostic 
resonances for the alkynyl carbons of the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
were observed at δ 97.1 and 82.8 (Figure 2-43).  
 
 
Figure 2-42: Comparison of the aromatic resonances in the 
13
C{
1
H} NMR spectra 
between (2-9) and the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
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Figure 2-43: 
13
C{
1
H} NMR spectrum of 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
 
Another class of germoles were planned using 1-chloro-1,2,3,4,5-
pentaphenylgermole (2-9) that had been prepared previously. Reduction of this 
compound yielded 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) for use in a  standard 
hydrogermylation reaction with various alkynes or allyl reagents.
57
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2.3.3.7   Synthesis of 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) 
 
Equation 2-17 
 
Preparation of 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) 
The chloride (2-9) was readily reduced to the corresponding hydride (2-30) using 
a modification to the known literature.
58
 The 1-chloro-1,2,3,4,5-pentaphenylgermole (2-
9) was dissolved in dry THF under inert conditions and cooled to 0 oC. A solution of 
lithium aluminum hydride (1.0 M in THF) was added drop-wise via a syringe. After 
stirring for ca. 30 minutes, the ice bath was removed and the yellow mixture was stirred 
for 5 hours at room temperature. The volatiles were removed under pressure. Methanol 
was added to the residue. The resulting solid was filtered and washed several times with 
diethyl ether.
59
 The organic layer was evaporated to dryness, dissolved in bulk hexane 
and stirred for 2.5 hours. After such time, the solution was filtered to remove the lithium 
aluminum salts and evaporated to dryness.  
Characterization 
The chemical shifts of the 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) were 
similar to those observed in the 
1
H NMR spectrum of 1-chloro-1,2,3,4,5-
pentaphenylgermole (2-9) which suggested that the basic structure of the germole 
remained unchanged (Figure 2-44). The 
1
H NMR resonances for the 2,3,4,5-tetraphenyl 
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germole core appeared at δ 7.02 and 6.88 while the resonances for the phenyl substituent 
on the germanium center were shifted slightly upfield at δ 7.63 and 7.36. This shift was 
due to the increased electron density on the germanium center by the electron donating 
ability of the hydride. The integration of the aromatic region was high by approximately 
five protons that was thought to be toluene, a solvent used in the purification process. The 
key resonance of the 
1
H NMR spectrum indicating the formation of the 1-hydrido-
1,2,3,4,5-pentaphenylgermole (2-30) was that of the hydride which appeared as a singlet 
at δ 6.06 (Figure 2-45). 
 
Figure 2-44: Aromatic regions of the 
1
H NMR spectra for 1-hydrido-1,2,3,4,5-
pentaphenylgermole (2-30) and 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
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Figure 2-45: 
1
H NMR spectrum of 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) 
 
A similar trend was observed in the 
13
C{
1
H} NMR spectrum of 1-hydrido-
1,2,3,4,5-pentaphenylgermole (2-30) which closely resembled that of the 1-chloro-
1,2,3,4,5-pentaphenylgermole (2-9) suggesting that the 1-phenyl-2,3,4,5-
tetraphenylgermole substructure remained intact (Figure 2-46). 
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Figure 2-46: 
13
C{
1
H} NMR spectrum of 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-30) 
Hydrogermylation is a mechanism that can afford germanium-vinylene 
functionalities
60
 which appear tolerant of polar functional groups including those 
possessing hydrogen atoms. This was an attractive prospect which was thought would 
yield a germole possessing a primary amine functionality. Subsequent treatment with 
methyl iodide would generate germole derivatives possessing charged alkyl groups which 
could be used for biological applications. This technique involves the addition of the Ge 
–H bond across an alkynyl bond yielding a vinylene which would also extend the 
conjugation between the germanium center and the substituent directly attached to the 
germanium center. 
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2.3.3.8   Attempted synthesis of 1-vinylaniline-1,2,3,4,5-pentaphenylgermole (2-30) 
 
Equation 2-18 
 
Attempted preparation of (2-30) 
The targeted germole (2-30) was prepared in manner similar to that which has 
been used with siloles and silafluorenes possessing hydrides directly on the silicon 
center.
61
 The hydride (2-30) and the commercially available alkyne, 4-
ethynylbenzenamine, were dissolved in dry toluene under inert conditions. The 
hydrogermylation was catalyzed with chloroplatinic acid accompanied by heating; the 
duration of heating varies but can be as long as twenty four hours (Equation 2-18) . The 
progress of the reaction was monitored using TLC. After allowing the yellow reaction 
mixture to stir for 24 hours, the heating was discontinued as TLC analysis suggested that 
the mixture consisted primarily of the starting materials.  
Characterization 
1
H and 
13
C{
1
H} NMR analysis of the yellow residue supported the TLC analysis 
suggesting that the hydrogermylation reaction was unsuccessful. A comparison of the 
spectra of the 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29) with the reaction mixture 
indicated that (2-29) remained intact and unaltered. This data was clearly evident in the  
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13
C{
1
H} NMR spectra of the reaction mixture when compared to the corresponding 
spectrum of the 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29) (Figure 2-47). 
 
Figure 2-47: Comparison of the 
13
C{
1
H} NMR spectra of the 1-hydrido-1,2,3,4,5-
pentaphenylgermole (2-29) with the hydrogermylation reaction mixture 
 
This result was surprising given that reported oligomer syntheses involving the 
dehydrocoupling of dihydrido(tetraphenyl)germole using cholorplatinic acid occurred in 
high yield. In dehydrocoupling condensation reactions, cholorplatinic acid is commonly 
used in combination with an alkene such as cyclohexene. The alkene is thought to 
facilitate hydrogen removal by the catalyst. The steric bulk of the alkene favors 
hydrogenation over hydrogermylation thus promoting the dehydrocoupling reaction. 
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However, in the absence of an alkene coreagent, the hydrogermylation was reported to 
dominant.
62
 Based on this information and given that the reaction conditions were 
similar, the hydrogermylation should have proceeded without difficulty. Unfortunately, 
no further approaches were attempted with the1-hydrido-1,2,3,4,5-pentaphenylgermole 
(2-30). Perhaps future endeavors could encompass testing alternate catalyst systems such 
as Wilkinson’s reagent (RhCl(PPh3)3), which is a known hydrosilation catalyst, or 
employ tetrakis(triphenylphosphine)palladium(0) as the catalyst. 
2.4   Summary and future work 
The endeavors to obtain 2,5-disubstituted-3,4-diphenylgermoles were largely 
unsuccessful. The reductive cyclization of bis(phenylethynyl)germane resulted in 
complex reaction mixtures. It was proposed that the higher degree of polarization of 
germanium-alkynyl carbon bond may contribute to a higher degree of reactivity than that 
of the corresponding silane. However, the radical mechanism involved in Tamao’s 
method cannot be entirely eliminated. Experimental data based on this research suggested 
that Tamao’s method using lithium napthalenide as the reducing agent was not a viable 
option for the conversion of the bis(phenylethynyl)germane. It could be that lithium 
napthalenide was too strongly reducing. Other milder reducing agents such as magnesium 
/ anthracene were not studied and certainly are worth investigating. Magnesium in a 
catalytic amount of anthracene forms a highly reactive magnesium hydride which has 
been used to prepare such compounds as transition metal salts and Grignard reagents 
under mild reaction conditions.
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Attempts to access 2,5-disubstituted-3,4-diphenylgermoles through a retro-
synthesis were also unsuccessful. In the synthetic pathway which was outlined for this 
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process, the first major milestone required the formation of a 1,1-disubstituted-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole. The formation of this key germole was finally 
achieved but in very low yield. It was proposed that the ring closure reaction required to 
obtain the germole was hindered by the trimethylsilyl groups of the 1,4-
bis(trimethylsilyl)-2,3-diphenylbutadiene. This was unfortunate as the trimethysilyl 
groups were specially chosen to minimize complications during the formation of the 
butadiene. It was proposed that the steric demand of these groups presented a major 
obstacle in the ring closure steps resulting in the protonated butadiene being the major 
reaction product in all instances. With that being said, there still may be utility of the 1,4-
bis(trimethylsilyl)-2,3-diphenylbutadiene for obtaining 2,5-disubstituted-3,4-
diphenylgermoles. There have been studies conducted with silyl substituted butadienes 
whereby the trimethylsilyl group is replaced with a halogen thereby generating a tetrahalo 
substituted butadiene.
64
 If the 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene could be 
converted to a  tetrahalo derivative possessing two sets of halogens which would allow 
selective lithiation then perhaps the germole could then obtained. 
A series of new 2,3,4,5-tetraphenylgermoles with different 1,1-substituents was 
synthesized and characterized.  The new germoles fluoresced intensely in the blue-green 
region in the solid phase.  The electronegativity of the 1,1-substituents exhibited a modest 
inductive effect on the UV-vis and fluorescence wavelength maxima.  Although the new 
germoles exhibited higher quantum yields in solution than other characterized germoles, 
their room temperature solutions are only weakly emissive.  In comparison to siloles, the 
new germoles were ca. 3x more emissive in solution resulting in a smaller enhancement 
of luminescence when aggregated.  The smaller enhancement between the luminescence 
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of the molecularly dissolved and aggregated solutions of these germoles should not 
discourage exploiting the AIE effect in these systems.  The AIE effect in the new 
germoles was quite pronounced and holds great promise for potential applications as 
efficient emitters in aqueous media.  TEM analysis indicated the formation of crystalline 
nanoparticles in the mixed solvent-water systems which aggregated into various sized 
clusters resulting in enhanced PL and quantum yields. The AIE effect was utilized to 
investigate potential applications of the new germoles as chemosensors for VOCs.   The 
photoluminescence on TLC plates exhibited reversible “on” and “off” switch behavior. 
By controlling the aggregation process, the light emission could be quenched in the 
presence of organic vapors, but resumed upon evaporation of the VOC.  
Several unsymmetrical 1,1’-substituted germoles were also prepared using an 
important intermediate, the 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9). Similar to the 
1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7), this heterocycle demonstrated that it could 
successfully undergo salt metathesis with a lithiated intermediate. This allows the 
possibility of using a variety of commercially available alkynes to generate a series of 
1,1’-substituted germoles for future investigations. Two additional germoles, the 1-
ethynyl (2-10) and the 1-hydrido- 1,2,3,4,5-pentaphenylgermoles (2-29), were also 
prepared which could potentially serve as building blocks for functionalized derivatives. 
The 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) is a particularly attractive compound 
as it should undergo standard Songashira cross-coupling conditions.  
Attempts to prepare several symmetrical and unsymmetrically substituted 
germoles possessing polar functional groups for potential use in applications as FL 
biosensors were unsuccessful. A diethylbenzylamine substituent was prepared; however, 
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attempts to incorporate it into both the 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) and 
1-chloro-1,2,3,4,5-tetraphenylgermole (2-9), and 1-ethynyl-1,2,3,4,5-pentaphenylgermole 
(2-10) exhibited no reactivity with either germole. However, investigations into obtaining 
the unsymmetrically substituted germoles using the Grignard reagents using a palladium 
catalyzed cross-coupling reaction may be a viable option.
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2.5   Experimental 
General 
All experiments were conducted under an argon atmosphere using Schlenk 
techniques. Glassware was oven or flame dried prior to use. Solvents were dried by 
standard methods and freshly distilled under argon prior to use. Diethyl ether and 
tetrahydrofuran were distilled from sodium and 9-fluorenone. Toluene was distilled from 
molten sodium. Dichloromethane, pentane, and hexane were distilled from calcium 
hydride. 
All NMR spectra were collected on a Bruker ARX-500 MHz (
1
H recorded at 500 
MHz and 
13
C at 126 MHz) or on a Bruker Advance-300 MHz (
1
H recorded at 300 MHz,  
13
C at 75 MHz, and 
 19
F at 282 MHz) at ambient temperature unless otherwise noted. 
Peak positions of the solvents were used as the reference for 
1
H NMR data (7.26 ppm, 
CDCl3; 7.16 ppm, C6D6) and the 
13
C{
1
H} data (77.16 ppm, CDCl3; 128.04 ppm, C6D6).  
Chloroform-d and benzene-d6 were purchased from Cambridge Isotopes, Inc., and stored 
over activated molecular sieves. Chemical shifts (δ) are reported in ppm and coupling 
constants (J) in Hertz. The following abbreviations are used: singlet (s), doublet (d), 
triplet (t), quartet (q), doublet of doublets (dd), and multiplet (m). Elemental analyses 
were performed by Atlantic Microlab, Inc, Norcross, GA. Mass spectral data were 
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collected on a Hewlett Packard Model 5988A GC/MS instrument equipped with a RTE-A 
data system. Gas chromatographic separations were obtained on a Shimadzu GC-14A gas 
chromatograph, using a J & W Scientific 20-m X 0.25 micron, DB-5 column and a 
temperature program from 60 to 320 
o
C, isotherm at 60 
o
C/2 minutes, and then ramped at 
20 
o
C/ minute with the injector temperature at 275 
o
C and the detector temperature at 350 
o
C. Integrations were recorded on a Shimadzu C-R8A Chromatopac integrator and are 
uncorrected. A JEOL M Station-JMS 700 mass spectrometer was used to obtain high 
resolution mass spectra by fast atom bombardment (FAB) or (EI) conditions, using 3-
nitrobenzyl alcohol (NBA) as a matrix and toluene as a solvent. X-ray intensity data were 
measured using a Bruker Apex II diffractometer equipped with a CCD area detector. 
Melting point determinations were obtained on a Mel-Temp melting point apparatus and 
are uncorrected.  UV-vis and fluorescence spectra were measured on a Cary 50 Bio UV-
visible and Cary Eclipse Fluorescence spectrophotometer respectively.  Emission spectra 
were measured using the λmax value for each compound as determined by the absorption 
spectra. 
The following reagents were purchased from SigmaAldrich and were used 
without further purification: lithium wire, bromobenzene, 1-phenyl-2-
(trimethylsilyl)acetylene, n-butyllithium, diphenylacetylene, 1-ethynyl-4-trifluorotoluene, 
1-ethynyl-3-fluorobenzene, 1-ethynyl-4-phenoxybenzene, 4-ethynyltoluene, 4-
trifluoromethoxy-phenylacetylene, 4-ethynylbiphenyl, 4-ethynylanisole, 4-bromobenzyl 
bromide, 4-bromoaniline,  tetra-n-butylammonium fluoride (TBAF), ethynylmagnesium 
bromide, lithium aluminum hydride (1.0 M in THF), and 4-ethynylbenzamine. The 
following chemicals were purchased from Gelest and were used without further 
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purification: dimethyldichlorogermane, diphenyldichlorogermane, and 
phenyltrichlorogermane. 
Synthesis of bis(phenylethynyl)germane (2-12) 
 
 (2-12) 
Lithium wire (2.08 g, 0.30 mol) washed with hexane, cut into 2 -5 mm pieces, was 
directly added to a stirring solution of dry Et2O (150 mL) under Ar. Bromobenzene 
(15.70 mL, 0.15 mol) diluted with dry Et2O (50 mL) was added drop-wise.  After stirring 
for 1-2 hours, freshly distilled phenyl acetylene (16.50 mL, 0.15 mol) diluted with 30 mL 
dry Et2O was added to the phenyllithium. After stirring at room temperature for an 
additional 4 -6 hours, Me2GeCl2 (0.073 mol, 8.40 mL, 12.70 g) diluted with dry Et2O (20 
mL) was added drop wise and allowed to stir overnight under Ar. The reaction mixture 
was quenched with water (70 mL). The organic layer was separated with bulk Et2O and 
dried over MgSO4. The reaction mixture was filtered and concentrated on a rotary 
evaporator. Kugelrohr distillation [70 
o
C (0.4 mm)] was performed on the concentrated 
yellow solution to yield an orange solid. Recrystallization from ethyl alcohol yielded (2-
12) (3.13 g, 67 %) as off-white crystals. mpt. 116 - 118 
o
C. 
1
H NMR (500 MHz, CDCl3):  
δ 7.53 – 7.49 (m, 4H), 7.33 – 7.29 (m, 6H), 0.71 (s, 6H). 13C{1H} NMR (126 MHz, 
CDCl3):  δ 132.2, 128.7, 128.3, 123.1, 104.8, 90.5, 1.1. Appendix II: 1-2. 
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Attempted synthesis of 1,1-dimethyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-
14) 
(2-14) 
Tamao’s procedure that was quenched with trimethylchlorosilane 
A solution of lithium naphthalenide was prepared by sonicating a mixture of naphthalene 
(1.28 g, 10.00 mmol) and lithium metal (1.38 cm, 0.062 g, 9.00 mmol) in dry 
tetrahydrofuran (20 mL) at room temperature. A degassed solution of 
bis(phenylethynyl)germane (0.610 g, 2.00  mmol) in dry tetrahydrofuran (2.50 mL) was 
added drop-wise to the solution of lithium naphthalenide which had been cooled to  -78 
oC. The addition was such that the temperature was not allowed to change by more than 
1oC (ca.10 min). After the addition was complete, the brown mixture was stirred at this 
temperature for 1 hour. Then distilled trimethylchlorosilane (1.13 mL, 0.96 g, 8.80 mmol) 
was added in one portion by syringe. After stirring for 30 minutes, the mixture was 
allowed to warm to room temperature. The clear mixture was gray in color then became 
pale yellow. The resulting mixture was stirred for one hour at room temperature and then 
concentrated under vacuum. After sublimation to remove the naphthalene, the orange-
yellow residue was dissolved in bulk hexane, filtered to remove the LiCl salts, and 
evaporated to dryness. A residue (0.948 g) was obtained which did not contain the 
targeted germole (2-14) as determined by NMR analysis. 
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Synthesis of 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) 
(2-1) 
Cp2ZrCl2 (2.50 g, 8.55 mmol) in dry THF (20 mL) was purged with Ar and cooled to -78 
o
C. n-Butyllithium (7.20 mL, 18.00 mmol, 2.5 M) was added drop-wise. After the 
addition was complete, the yellow solution was stirred for one hour at -78 
o
C. Then 
degassed 1-phenyl-2-(trimethylsilyl)acetylene (3.40 mL, 17.10 mmol) was added drop-
wise by a syringe. After the addition was complete, the reaction mixture was allowed to 
gradually warm to room temperature (ca. 1-2 hours). During this time, the color of the 
mixture turned from  yellow to orange, and finally to red-orange. Upon reaching room 
temperature, the reaction mixture was gradually heated to 50 
o
C and stirred at this 
temperature for one hour. After cooling to room temperature, the orange reaction mixture 
was cooled to - 78 oC. Under a stream of Ar, the copper chloride (0.846 g, 8.55 mmol) 
was added all at once. Then a solution of iodine (4.34 g, 17.10 mmol) in dry THF (10 
mL) was added drop-wise. After the addition was complete, the reaction mixture was 
warmed to room temperature and stirred for an additional 17 hours. The dark red mixture 
was quenched with saturated Na2SO4 (12 mL, 4.83 M) and stirred for an additional ten 
minutes during which time the solution turned yellow. The mixture was extracted into 
bulk hexane, dried over MgSO4, and concentrated to yield yellow oil. Bulk ethanol was 
added to precipitate 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-1) as a  
pale yellow crystalline solid (4.07g, 79%). mpt 94-95 
o
C. 
1
H NMR (500 MHz, CDCl3): δ 
7.28 – 7.24 (m, 4H), 7.21 – 7.11 (m, 9H), -0.05 (s, 18H). 13C{1H}  NMR (126 MHz, 
CDCl3):  δ 163.2, 139.6, 129.4, 128.3, 127.9, 112.7, 0.92. Appendix II: 3-5. 
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Attempted synthesis of 1,1-diphenyl-2,5-bis(trimethylsilyl)-3,4-diphenylgermole (2-
2) 
(2-2) 
 
Attempted ring closure reaction with the 1,4-diiodo-1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-1)  
To a solution of the 1,4-diiodo-1,3-butadiene (2.5 g, 4.15 mmol) in dry diethyl ether (5 
mL) was added n-butyllithium (3.49 mL, 2.5 M in hexane, 8.71 mmol) at -78 oC. The 
orange solution was stirred for one hour at -78 oC. In a separate flask, 
diphenyldichlorogermane (1.24 g, 4.15 mmol) in dry diethyl ether (2 mL) was purged 
with argon (gas) and cooled to 0 oC. After one hour, the 1,4-dilithio-1,3-butadiene was 
added drop-wise to the stirred mixture. The colorless solution turned yellow and then 
dark orange during the addition. After the addition was complete, the orange reaction 
mixture was stirred for an additional 15 minutes at 0 oC. The reaction mixture was 
allowed to gradually warm to room temperature and stirred overnight. The color of the 
reaction mixture gradually changed to yellow as it stirred. The yellow reaction mixture 
was quenched with water (1 mL) and stirred for 10 minutes. The reaction mixture was 
extracted into bulk hexane, dried over MgSO4, and concentrated to yield an orange oil 
that solidified at room temperature. The residue (2.75 g) obtained did not contain the 
targeted germole (2-14) as determined by NMR analysis. The major reaction product was 
the 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15). 
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NMR data for the byproduct formed during the attempted synthesis of 1,1-diphenyl-2,5-
bis(trimethylsilyl)-3,4-diphenylgermole (2-2): 1,4-bis(trimethylsilyl)-2,3-
diphenylbutadiene (2-15) 
(2-15) 
1
H NMR (500 MHz, CDCl3): δ 7.36 – 7.29 (m, 6H), 7.21 – 7.17 (m, 4H), 5.45 (s, 2H), -
0.31 (s, 18H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 160.3, 142.6, 134.3, 130.3, 128.0, 
127.3, 0.07. Appendix I: 1-2; Appendix II: 6-8. 
Synthesis of 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) 
(2-7) 
To diphenylacetylene (6.96 g, 39.0 mmol) in dry diethyl ether (16 mL) was added lithium 
wire (0.271 g, 6.02 cm, 39.0 mmol) under a steady flow of Ar. Within thirty minutes, the 
reaction mixture changed from yellow to reddish brown to a dark brown color. The 
reaction mixture was stirred for 6.5 hours at room temperature. Germanium tetrachloride 
(2.23 mL, 19.5 mmol), which had been distilled over potassium carbonate,  in dry diethyl 
ether (167 mL) was added to a clean, oven dried 500 mL flask and stirred under Ar. The 
resulting 1,4-dilithiobutadiene was transferred by a cannula into the solution containing 
the germanium tetrachloride and stirred overnight. The diethyl ether was removed under 
vacuum and the resulting residue was dissolved in bulk dichloromethane. The suspension 
was filtered to remove the LiCl salts. The dark yellowish brown filtrate was concentrated 
on the rotary evaporator. Cooling to -30 oC produced (2-7) as bright yellow crystals. The 
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crystals were separated by filtration and washed with cold bulk ether. The dark yellowish 
brown filtrate was reserved for a second crop of (2-7) (7.35 g, 75%).  mpt. 197-199 ºC  
(lit., 197-199 ºC)
18
.  
1
H NMR (600 MHz, CDCl3): δ 7.20 – 7.14 (m, 10H), 7.13 – 7.06 (m, 
6H), 6.87 – 6.85 (m, 4H). 13C{H} NMR (151 MHz, CDCl3): δ 150.1, 136.7, 134.8, 132.9, 
129.7, 129.7, 128.5, 128.2, 127.8, 127.6. HRMS (EI): m/z calcd for C28H20GeCl2, 
500.0152, found: 500.0161. Appendix II: 9-10. 
Representative Procedure for the synthesis of 1,1-disubstituted-2,3,4,5-
tetraphenylgermoles (2-16 through 2-23): Synthesis of 1,1-bis(4-
(trifluoromethyl)phenyl)-2,3,4,5-tetraphenylgermole (2-16).  A solution of n-BuLi 
(0.50 mL, 2.5 M in hexane, 1.3 mmol) was added drop-wise to a solution of 1-ethynyl-4-
trifluorotoluene (0.20 mL, 1.3 mmol) in dry THF (1.5 mL) that had been cooled to -78 
oC.  Once the addition was complete, the colorless reaction mixture was stirred at this 
temperature for 15 minutes.  The resulting alkynyllithium solution was then added in one 
portion to a solution of 1,1’-dichloro-2,3,4,5-tetraphenylgermole (0.31 g, 0.63 mmol) in 
dry THF (5 mL) that had been cooled to 0 oC.  The yellow reaction mixture was allowed 
to gradually warm to room temperature and stirred overnight.  The reaction mixture was 
quenched with water (0.25 mL), stirred for an additional 15 minutes, and then dried over 
MgSO4. After filtering, the solvent was removed by rotary evaporation.  The crude 
product was purified on a silica gel column using a toluene/hexane (2:1) as the eluent to 
give (2-16) as a yellow solid (340 mg, 71%).  X-ray quality crystals were grown by slow 
evaporation from a methylene chloride/diethyl ether mixed solvent system.  All of the 
other germoles were prepared in a similar manner.  The eluent and recrystallization 
solvent systems used in the purification of each germole are indicated. 
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1,1-bis(4-(trifluoromethyl)phenyl)-2,3,4,5-tetraphenylgermole (2-16).  M.p. 179-
180
o
C.  
1
H NMR (500 MHz, CDCl3): δ 7.63 (d, J = 8 Hz, 4H), 7.57 (d, J = 8 Hz, 4H), 
7.22 (d, J = 8 Hz, 4H), 7.16 (t, J = 8 Hz, 4H), 7.12 (d, J = 7 Hz, 2H), 7.09 – 7.03 (m, 6H), 
6.91 – 6.86 (m, 4H). 13C{H} NMR (125 MHz, CDCl3):  δ 153.5, 138.4, 137.7, 135.4, 
132.7, 130.9 (q, J = 33 Hz), 129.85, 129.80, 128.2, 127.9, 127.0, 126.9, 126.2, 125.3 (q,  
J CF = 8 Hz), 124.9, 105.8, 88.6.
   19
F{
1
H} NMR (282 MHz, CDCl3):  δ -62.9.  Anal. 
Calcd. for C46H28F6Ge: C, 72.00; H, 3.68; Found:  C, 71.74; H, 3.57. Appendix I: 3-4; 
Appendix II: 12-15. 
1,1-bis((4-phenoxyphenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-17). Purification of 
(2-17) by column chromatography using silica gel and hexane/toluene (2:1) as the eluent 
yielded a yellow solid (254 mg, 50 %). Yellow crystals were grown by slow evaporation 
from a tetrahydrofuran/methanol mixed solvent system.  M.p. 204 - 205 
o
C.  
1
H NMR 
(500 MHz, CDCl3): δ 7.54 – 7.49 (m, 4H), 7.42 – 7.36 (m, 4H), 7.30 – 7.25 (m, 4H), 7.20 
– 7.15 (m, 6H), 7.14 – 7.10 (m, 2H), 7.10 – 7.07 (m, 6H), 7.06 – 7.02 (m, 4H), 6.96 – 
6.92 (m, 4H), 6.92 – 6.89 (m, 4H).  13C{1H} NMR (125 MHz, CDCl3):
 δ 158.4, 156.4, 
153.0, 138.8, 138.1, 136.3, 134.2, 130.1, 130.0, 129.8, 128.1, 127.9, 126.8, 126.6, 124.1, 
119.7, 118.2, 117.1, 106.9, 85.2.  Anal. Calcd. for C56H38GeO2: C, 82.47; H, 4.70; Found:  
C, 82.16; H, 4.82. Appendix I: 5-6. 
1,1-bis(p-tolylethynyl)-2,3,4,5-tetraphenylgermole (2-18).  Purification of (2-18) by 
column chromatography using silica gel and hexane/toluene (2:1) as the eluent yielded a 
yellow solid (317 mg, 70 %).  Yellow crystals were grown by slow evaporation from a 
methylene chloride/hexane mixed solvent system.  M.p. 210.5- 212 
o
C.  
1
H NMR (500 
MHz, CDCl3): δ 7.45 (d, J = 8 Hz, 4H), 7.31 – 7.27 (m, 5H), 7.20 – 7.12 (m, 10H), 7.11 – 
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7.05 (m, 6H), 6.94 – 6.90 (m, 4H), 2.38 (s, 6H).  13C{1H} NMR (125 MHz, CDCl3):
  δ 
152.9, 139.4, 138.8, 138.1, 136.4, 132.4, 130.0, 129.8, 129.1, 128.1, 127.8, 126.7, 126.6, 
119.6, 107.5, 85.2, 21.7.  Anal. Calcd. for  C46H34Ge: C, 83.79; H, 5.20; Found:  C, 
83.46; H, 5.64. Appendix I: 7-8. 
1,1-bis((1,1-biphenyl)-4-ylethynyl)-2,3,4,5-tetraphenylgermole (2-19). Purification of 
(2-19) by column chromatography using silica gel and hexane/toluene (2:1) as the eluent 
yielded a yellow solid (282 mg, 58 %). Yellow crystals were grown by slow evaporation 
from a tetrahydrofuran/methanol mixed solvent system.  M.p. 186 - 188 
o
C.  
1
H NMR 
(500 MHz, CDCl3): δ 7.63 – 7.53 (m, 12H), 7.47 - 7.41 (m, 4H), 7.38 – 7.34 (m, 2H), 
7.29 – 7.27 (m, 4H), 7.19 – 7.14 (m, 4H), 7.13 – 7.09 (m, 2H), 7.08 – 7.03 (m, 6H), 6.93 
– 6.87 (m, 4H). 13C{1H} NMR (125 MHz, CDCl3): δ 153.1, 141.9, 140.4, 138.8, 138.0, 
136.2, 132.9, 129.98, 129.87, 129.0, 128.2, 127.92, 127.88, 127.2, 127.0, 126.8, 126.7, 
121.5, 107.2, 86.7. Anal. Calcd.for C56H38Ge: C, 85.84; H, 4.89; Found:  C, 85.86; H, 
4.82.  
1,1-bis((4-methoxyphenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-20). Purification of 
(2-20) by column chromatography using silica gel and toluene/hexane (2:1) as the eluent 
yielded a yellow solid (200 mg, 46 %).  Yellow crystals were grown by slow evaporation 
from a tetrahydrofuran/methanol mixed solvent system.  M.p. 250 - 252 
o
C.  
1
H NMR 
(500 MHz, CDCl3): δ 7.48 – 7.43 (m, 4H), 7.24 (m, 4H), 7.14 (m, 4H), 7.11 – 7.06 (m, 
2H), 7.06 – 7.01 (m, 6H), 6.90 – 6.86 (m, 4H), 6.84-6.80 (m, 4H), 3.79 (s, 6H).  13C{1H} 
NMR (125 MHz, CDCl3):
 δ 160.3, 152.8, 138.9, 138.2, 136.5, 134.0, 129.9, 129.8, 128.1, 
127.8, 126.7, 126.5, 114.8, 113.9, 107.3, 84.4, 68.1, 55.4, 25.7.  Anal. Calcd. for  
C46H34GeO2. 1 C4H8O: C, 78.65; H, 5.54; Found:  C, 78.45; H, 5.42. Appendix I: 9-10. 
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1,1-bis(4-(trifluoromethoxy)phenyl)-2,3,4,5-tetraphenylgermole (2-21). Purification 
of (2-21) by column chromatography using silica gel and toluene/hexane (2:1) as the 
eluent yielded a yellow solid (461 mg, 67 %).  M.p. 113-114
o
C.  
1
H NMR (500 MHz, 
CDCl3): δ 7.61 – 7.57 (m, 4H), 7.28 – 7.25 (m, 4H), 7.22 – 7.17 (m, 8H), 7.17 – 7.14 (m, 
J = 5, 2 Hz, 2H), 7.13 – 7.07 (m, 6H), 6.94 – 6.90 (m, 4H).  13C{1H} NMR (125 MHz, 
CDCl3):
 δ 153.4, 149.6, 138.6, 137.8, 135.8, 134.1, 129.9, 129.8, 128.2, 127.9, 126.9, 
126.8, 121.3, 120.9, 119.5, 105.8, 86.9.  
19
F{
1
H} NMR (282 MHz, CDCl3): δ -57.7.  
Anal. Calcd. For C46H28F6GeO2: C, 69.12; H, 3.53; F ound:  C, 68.71; H, 3.59. Appendix 
I: 11-12. 
1,1-bis(thiophen-3-ylethynyl)-2,3,4,5-tetraphenylgermole (2-22). Purification of (2-22) 
by column chromatography using silica gel and hexane/toluene (2:1) as the eluent yielded 
a yellow solid (70 %). Yellow crystals were grown by slow evaporation from a 
methylene chloride / hexane mixed solvent system. M.p. 254- 255.5 
o
C. 
1
H NMR (500 
MHz, CDCl3): δ 7.60 (d, J = 3 Hz, 2H), 7.28 – 7.24 (m, 6H), 7.22 – 7.14 (m, 7H), 7.14 – 
7.10 (m, 2H), 7.10 – 7.05 (m, 6H), 6.93 – 6.88 (m, 4H). 13C{1H} NMR (125 MHz, 
CDCl3):
 δ 153.1, 138.8, 138.00, 136.1, 130.9, 130.4, 130.0, 129.9, 128.1, 127.9, 126.8, 
126.7, 125.4, 121.9, 102.3, 85.6.  Anal. Calcd. for  C40H26GeS2: C, 74.67; H, 4.07; 
Found:  C, 74.88; H, 3.97. Appendix I: 13-14. 
1,1-bis((3-fluorophenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-23).  Purification of 
(2-23) by column chromatography using silica gel and hexane/toluene (2:1) as the eluent 
yielded a yellow solid (271 mg, 65 %).  Yellow crystals were grown by slow evaporation 
from a methylene chloride/hexane mixed solvent system.  M.p. 181.5-182.5 
o
C.  
1
H NMR 
(500 MHz, CDCl3): δ 7.32 – 7.28 (m, 4H), 7.22 (m, 6H), 7.16 (m, 4H), 7.13 – 7.09 (m, 
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2H), 7.08 – 7.03 (m, 8H), 6.90 – 6.86 (m, 4H).  13C{1H} NMR (125 MHz, CDCl3): δ 
162.4 (d, J = 247 Hz), 153.3, 138.6, 137.8, 135.7, 130.0 (d, J = 9 Hz), 129.9, 129.8, 128.3 
(d, J = 3 Hz), 128.2, 127.9, 126.9, 126.8, 124.3 (d, J = 9 Hz), 119.2 (d, J = 23 Hz), 116.7 
(d, J = 22 Hz), 105.9 (d, J = 3 Hz), 86.9.  
19
F{
1
H} NMR (282 MHz, CDCl3): δ -113.2.   
Anal. Calcd. for  C44H28F2Ge: C, 79.19; H, 4.23; Found:  C, 78.83; H, 4.00. Appendix I: 
15-16. 
Synthesis of 4-bromo-N,N-diethylbenzylamine (2-24) 
 
(2-24) 
 
To a solution of freshly distilled diethylamine (25 mL, 17.5 g, 239 mmol) was added 4-
bromobenzyl bromide (5 g, 20 mmol) at room temperature. The solution was refluxed for 
two hours. After removing the solvent by vacuum, bulk dichloromethane (10 mL) was 
added. The resulting mixture was washed with a 0.5 M NaOH solution (0.811 g in 45 mL 
water) and extracted into bulk diethyl ether. The orange solution was dried over MgSO4 
and evaporated to yield (2-24) as orange oil (4.70 g, 97% ). No further purification steps 
were performed. 
1
H NMR (500 MHz, CDCl3): δ 7.42 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.3 
Hz, 2H), 3.50 (s, 2H), 2.50 (q, J = 7.1 Hz, 4H), 1.03 (t, J = 7.1 Hz, 6H). 
13
C{
1
H} NMR 
(126 MHz, CDCl3): δ 139.3, 131.3, 130.6, 120.5, 57.1, 46.9, 11.9. Appendix II: 16-18. 
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Attempted synthesis of 1,1-bis(diethylbenzylamine)-2,3,4,5-tetraphenylgermole (2-
25) 
(2-25) 
 
Dry THF (10 mL) was added to the 4-bromo-N,N-diethylbenzylamine (2-24) (0.92 g, 
3.80 mmol). The solution was purged with Ar and cooled to - 78 oC. Then n-butyllithium 
(1.85 mL, 1.84 M in hexane, 3.39 mmol) was added drop-wise. After the addition was 
complete, the solution was stirred at this temperature for one hour. 
Into a separate flask, 1,1-dichloro-2,3,4,5-tetraphenylgermole (2-7) (0.848 g, 1.70 mmol) 
was dissolved in dry THF (6 mL), purged with Ar and cooled to - 78 oC. The lithiated 
diethylbenzylamine was added drop-wise to the solution containing the germole by 
syringe. The green-yellow solution was allowed to gradually warm to room temperature 
and stirred overnight. Water (0.25 mL) was added and the solution was stirred for 10 
minutes. The resulting suspension was extracted into dichloromethane, dried over 
MgSO4, and evaporated to dryness to yield a yellow solid. NMR analysis of the residue 
suggested that the target germole (2-24) had not been produced.  
NMR data for the unidentified byproduct from the reaction of  the 1,1-dichloro-2,3,4,5-
tetraphenyl germole (2-7) with the lithiated diethylbenzylamine (2-24): 
1
H NMR (500 
MHz, CDCl3): δ 6.99 – 6.88 (m, 10H), 6.76 (d, J = 7.3 Hz, 4H), 6.57 (d, J = 7.0 Hz, 4H), 
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6.50 (t, J = 7.8 Hz, 4H). 13C{1H} NMR (126 MHz, CDCl3): δ 152.8, 137.8, 137.2, 131.3, 
129.9, 129.0, 128.4, 127.5 , 126.6, 126.1. Appendix II: 19-20. 
Synthesis of 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
(2-9) 
To diphenylacetylene (6.96 g, 39.0 mmol) in dry diethyl ether (16 mL) was added lithium 
wire (0.271 g, 6.02 cm, 39.0 mmol) under a steady flow of Ar. Within 30 minutes, the 
reaction mixture changed from yellow to reddish brown to a dark brown color. The 
reaction mixture was stirred for 6.5 hours at room temperature. Phenyltrichlorogermane 
(3.16 mL, 19.5 mmol) in dry diethyl ether (167 mL) was added to a 500 mL flask and 
stirred under Ar. The resulting 1,4-dilithiobutadiene was transferred by a cannula into the 
solution containing the phenyltrichlorogermane and stirred overnight. The reaction 
mixture was a green solution with a yellow precipitate. The ether was removed by 
vacuum and the resulting residue was dissolved in dichloromethane. The suspension was 
filtered to remove the LiCl salts. The dark yellowish green filtrate was concentrated on a 
rotary evaporator. Cooling to -30 oC produced (2-9) as a bright yellow solid (6.72 g, 
64%).  mpt. 213 ºC  (lit., 210-211 ºC)
18
.  
1
H NMR (500 MHz, CDCl3): δ 7.69 (dd, J = 7.7, 
1.6 Hz, 2H), 7.48 – 7.40 (m, 3H), 7.10 – 7.03 (m, 12H), 7.03 – 6.99 (m, 4H), 6.90 – 6.86 
(m, 4H). 
13
C{ 
1
H }NMR (126 MHz, CDCl3): δ 153.0, 138.1, 137.3, 136.8, 134.0, 133.5, 
131.0, 130.0, 129.5, 129.1, 128.2, 127.9, 127.0, 126.8. HRMS (EI): m/z calcd for 
C34H25GeCl, 542.0856, found: 542.0851. Appendix II: 21-22. 
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NMR data for the byproduct that formed during the attempted synthesis of 1-
chloro-1,2,3,4,5-pentaphenylgermole (2-9):  1-hydroxy-1,2,3,4,5-pentaphenylgermole 
(2-26) 
 
(2-26) 
 
Yellow-green solid. mpt. 253-255 
o
C (lit, 256-257 
o
C).
18
 
1
H NMR (500 MHz, CDCl3): δ 
7.69 (dd, J = 7.8, 1.6 Hz, 2H), 7.50 – 7.39 (m, 3H), 7.08 – 7.03 (m, 12H), 7.03 – 6.99 (m, 
4H), 6.88 (dd, J = 7.7, 1.8 Hz, 4H), 4.68 (s, 1H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 
152.9, 138.1, 137.3, 136.8, 134.0, 133.5, 131.0, 130.0, 129.5, 129.1, 128.2, 127.9, 127.0, 
126.8 (s). HRMS (EI): m/z calcd for C34H26GeO, 524.1195, found: 524.1182. 
Synthesis of 1-ethynylphenyl-1,2,3,4,5-pentaphenylgermole (2-27) 
(2-27) 
 
A solution of n-BuLi (0.120 mL, 2.5 M in hexane, 0.305 mmol) was added drop-wise to a 
solution of phenylacetylene (0.030 mL, 0.277 mmol) in dry THF (2 mL) that had been 
cooled to -78 oC.  Once the addition was complete, the colorless reaction mixture was 
stirred at this temperature for 15 minutes.  The resulting alkynyllithium solution was then 
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added in one portion to a solution of 1-chloro-1,2,3,4,5-pentaphenylgermole (0.150 g, 
0.277 mmol) in dry THF (4 mL) that had been cooled to 0 oC.  The yellow reaction 
mixture was allowed to gradually warm to room temperature and stirred overnight. The 
reaction mixture was quenched with water (0.25 mL), stirred for an additional 15 
minutes, and then dried over MgSO4. After filtering, the solvent was removed by rotary 
evaporation. Purification of (2-27) by column chromatography (silica gel, hexane/diethyl 
ether 2:1) yielded a yellow solid (100 mg, 60 %). mpt. 129-131 
o
C.  
1
H NMR (500 MHz, 
CDCl3): δ 7.73 – 7.69 (m, 2H), 7.52 – 7.48 (m, 2H), 7.45 – 7.39 (m, 5H), 7.37 – 7.28 (m, 
7H), 7.09 – 6.98 (m, 16H), 6.88 (dd, J = 6.4, 2.9 Hz, 4H), 3.08 (s, 1H). 13C{1H} NMR 
(126 MHz, CDCl3): δ 153.1, 138.7, 138.1, 136.8, 134.9, 133.7, 132.2, 131.8, 130.5, 
129.9, 129.5, 128.9, 128.4, 128.4, 128.2, 127.9, 126.8, 126.5, 122.9, 93.9, 82.2. Appendix 
II: 23-26. 
Attempted synthesis of 1-diethylbenzylamine-1,2,3,4,5-pentaphenylgermole (2-28) 
(2-28) 
 
Attempted preparation using a Grignard Reagent 
 
4-Bromo-N,N-diethylbenzylamine (2-24) (0.16 g, 0.65 mmol) in dry THF (3 mL) was 
added to a pressure-equilibrating addition funnel. Dibromoethane (5.6 μmL, 0.012 g, 
0.065 mmol) was added to a suspension of magnesium (0.017 g, 0.70 mmol) in dry THF 
(1 mL) at room temperature under Ar. The 4-bromo-N,N-diethylbenzylamine (2-24) was 
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added drop-wise to the suspension containing the magnesium over a period of ca.15 
minutes. After the addition was complete, the suspension was gently heated at 50 oC 
using an oil bath. Evolution of ethene was observed for ca.15-20 minutes during which 
time salt formation began. The progression of the reaction was monitored by GC 
analysis. The starting material, 4-bromo-N,N-diethylbenzylamine (2-24), was observed at 
8.3 minutes while the hydrolyzed Grignard reagent appeared at 6.1 minutes. Complete 
conversion to the Grignard was achieved within ca.1 hour 45 minutes after the heating 
began. The Grignard reagent was then added in small portions to a solution of 1-chloro-
1,2,3,4,5-pentaphenyl germole (352 mg, 0.65 mmol) in dry THF (5 mL) at room 
temperature under Ar. The pale yellow reaction mixture was stirred at room temperature 
overnight. Water (0.25 mL ) was added and the solution was stirred for 10 minutes. The 
resulting suspension was extracted into dichloromethane, dried over MgSO4, and 
evaporated to dryness to yield a yellow solid. NMR analysis of the residue suggested that 
the targeted 1-diethylbenzylamine-1-phenyl-2,3,4,5-tetraphenylgermole (2-28) had not 
been produced.  
NMR data for the unidentified byproduct from the reaction of the 1-chloro-1,2,3,4,5-
pentaphenyl germole (2-9) with the Grignard reagent: 
1
H NMR (500 MHz, CDCl3): δ 
7.72 (dd, J = 7.5, 1.8 Hz, 2H), 7.44 – 7.34 (m, 5H), 7.11 – 7.00 (m, 17H), 6.91 – 6.86 (m, 
4H).  
13
C{
1
H} NMR (126 MHz, CDCl3): δ 153.1, 138.7, 138.1, 136.8, 135.0, 133.7 , 
130.5, 129.9, 129.4, 128.9, 128.1, 127.9 , 126.7, 126.5, 46.4 , 30.4. Appendix II: 27-28. 
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Synthesis of 4-ethynylphenyl-3,3-diethyltriazene (2-15)
26 
 
Step 1: Synthesis of 4-bromophenyl-3,3-diethyltriazene  
 
 
To a room temperature solution of concentrated hydrochloric acid (27 mL) and water 
(180 mL) was added 4-bromoaniline (17.2 g, 100 mmol). After becoming homogeneous, 
the solution was cooled to 0 oC and sodium nitrite (7.59 g, 110 mmol) dissolved in water 
(20 mL) was then added. After being stirred for 30 minutes at this temperature, the 
solution was slowly added to a mixture of potassium carbonate (20.0 g, 145 mmol), water 
(150 mL), and freshly distilled diethylamine (16.0 mL, 11.2 g, 153 mmol) which had 
been cooled to 0 oC. The reaction mixture was stirred for 30 minutes at this temperature. 
The color of the reaction mixture changed from bright yellow to orange to red during the 
subsequent additions. The mixture was extracted into bulk diethyl ether. The organic 
layers were combined, washed with brine, and dried over anhydrous sodium sulfate. The 
red mixture was filtered, concentrated, and distilled under vacuum (102 oC at 0.13 mm 
Hg). The triazene product was obtained as a golden yellow liquid (23.8 g, 93% yield) that 
was used in Step 2 described below. 
1
H NMR (500 MHz, CDCl3): δ 7.47 – 7.43 (m, 2H), 
7.35 – 7.30 (m, 2H), 3.75 (q, J = 7.2 Hz, 4H), 1.27 (s, 3H). 13C{1H} NMR (126 MHz, 
CDCl3): δ 150.3, 131.8, 122.1, 118.0, 48.6 (br), 41.1 (br), 13.9 (br), 11.3 (br). Appendix 
II: 38-39. 
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Step 2: Synthesis of 4-((trimethylsilyl)ethynyl)phenyl-3,3-diethyltriazene  
 
 
 
Into a  500 mL flask was added the triazene  (8.70 g, 33.9 mmol) in freshly distilled 
triethylamine (107 mL), trimethylsilylacetylene (5.0 g, 7.19 mL, 50.9 mmol), Pd2(dba)3 
(0.101 g, 0.172 mmol), triphenylphosphine (0.53 g, 2.0 mmol), and copper(I) iodide (0.06 
g, 0.34 mmol). The mixture was degassed by three freeze-pump-thaw cycles and then 
stirred for 12 hours at 85 oC. After cooling to room temperature, the resulting mixture 
was filtered and the salt was washed with bulk diethyl ether. The orange filtrate was 
washed 3 times with water, dried over MgSO4, and concentrated on the rotary evaporator 
to yield a yellow oil (3.85 g, 81%) that was used in Step 3 described below. 
1
H NMR 
(500 MHz, CDCl3): δ 7.42 (d, J = 8.6 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H), 3.76 (q, J = 7.2 
Hz, 4H), 1.27 (s, 6H), 0.25 (s, 9H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 151.3, 132.8, 
120.3, 119.4, 105.9, 93.6, 0.2. Appendix II: 40-41. 
Step 3: Synthesis of 4-ethynylphenyl-3,3-diethyltriazene 
 
(2-15) 
The silylated triazene was dissolved in dry THF (4 mL) and cooled to 0 oC. tetra-n-
butylammonium fluoride (TBAF)  (1.66 mL, 1.0 M in THF) was added all at once by 
syringe. The reaction mixture immediately turned dark purple. The reaction mixture was 
stirred at this temperature for 30 minutes and then allowed to warm to room temperature. 
After stirring at room temperature for 1 hour, water (2 mL) was added and the mixture 
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was stirred for another 10 minutes. The reaction mixture immediately turned brownish 
orange. The mixture was extracted  into bulk diethyl ether, dried over MgSO4, and the 
solvent evaporated to yield (2-15) as a brown-orange liquid (0.206 g, 92%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.49 – 7.44 (m, 2H), 7.40 – 7.36 (m, 2H), 3.76 (q, J = 7.2 Hz, 4H), 
3.08 (s, 1H), 1.34 – 1.18 (m, 3H). 13C{1H} NMR (126 MHz, CDCl3): δ 151.5, 132.9, 
120.4, 118.2, 84.3, 76.8 (d, J = 2.8 Hz). Appendix II: 42-43. 
Synthesis of 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
 
 (2-10) 
 
To the 1-chloro-1,2,3,4,5-pentaphenylgermole (0.273 g, 0.504 mmol) in dry THF (7 mL) 
was added ethynylmagnesium bromide (5.04 mL, 2.52 mmol, 0.5 M in THF) all at once 
by syringe at room temperature. The cloudy greenish yellow reaction mixture was stirred 
overnight. The solvent was removed from the yellow reaction mixture by vacuum to yield 
(2-10) as a yellow solid (0.237g, 88%). mpt 148 
o
C. 
1
H NMR (500 MHz, CDCl3): δ 7.76 
– 7.71 (m, 2H), 7.43 – 7.38 (m, 3H), 7.08 – 6.96 (m, 16H), 6.89 (dd, J = 6.4, 3.1 Hz, 4H), 
2.71 (s, 1H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 153.8, 139.0, 138.5, 138.0, 134.1, 
133.3, 130.1, 129.5, 128.9, 128.0, 127.8, 126.7, 126.4, 97.1, 82.8. HRMS (FAB): m/z 
calcd for C36H26Ge, 532.1246, found: 532.1243. Appendix I: 17-18; Appendix II: 29-32. 
Attempted synthesis of (2-10) using one equivalent of the Grignard Reagent 
To the 1-chloro-1,2,3,4,5-pentaphenylgermole (0.500 g, 0.932 mmol) in dry THF (14 
mL) was added drop-wise ethynylmagnesium bromide (1.85 mL, 0.923 mmol, 0.5 M in 
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THF) at room temperature. The cloudy greenish yellow reaction mixture was stirred for 
2.5 hours at room temperature. The solvent was removed by rotary evaporator to yield a 
yellow solid. The residue was dissolved in bulk dichloromethane and filtered to remove 
the MgBrCl salts. Purification by chromatography (silica gel, hexane / diethyl ether 2:1) 
yielded a yellow residue.  NMR analysis of the residue suggested that (2-10) had not been 
produced. 
Synthesis of (2-10) using 2.5 equivalents of the Grignard Reagent 
To the 1-chloro-1,2,3,4,5-pentaphenylgermole (0.300 g, 0.554 mmol) in dry THF (8 mL) 
was added ethynylmagnesium bromide (1.22 mL, 0.609 mmol, 0.5 M in THF) all at once 
by syringe at room temperature. The cloudy greenish yellow reaction mixture was stirred 
overnight at room temperature. The solvent was removed from the yellow reaction 
mixture by vacuum to yield a yellow paste. Purification by chromatography (silica gel, 
hexane / diethyl ether 2:1) yielded (2-10) as a yellow solid (0.117 g, 40%). NMR data 
correlated with the data given above. 
1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29) 
(2-29) 
 
1-chloro-1,2,3,4,5-pentaphenylgermole (0.500 g, 0.923 mmol) was dissolved in dry THF 
(12 mL), purged under Ar and cooled to 0 oC. Lithium aluminum hydride (0.923 mL, 
0.923 mmol, 1M in THF) was added drop-wise by a syringe. After stirring for ca. 30 
minutes, the ice bath was removed and the yellow mixture was stirred for 5 hours at room 
temperature. The volatiles were removed under reduced pressure. Methanol (8 mL) was 
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added to the residue. The solid was filtered and washed several times with diethyl ether. 
The organic layer was evaporated to dryness, dissolved in bulk hexane and stirred for 2.5 
hours. After such time, the solution was filtered to remove the lithium aluminum salts and 
condensed. The salts were also washed with dichloromethane. The organic washings 
were combined and evaporated to dryness. Recrystallization in toluene yielded (2-29) as 
yellow crystals (0.340 g, 73%). mpt 184-186 
o
C (lit, 187-188 
o
C).
18
 
1
H NMR (500 MHz, 
CDCl3): δ 7.63 (dd, J = 4.9, 2.7 Hz, 2H), 7.39 – 7.34 (m, 5H), 7.12 – 6.96 (m, 16H), 6.93 
(d, J = 6.8 Hz, 4H), 6.90 – 6.84 (m, 4H), 6.06 (s, 1H) (contains an unidentified impurity).  
13
C{
1
H} NMR (126 MHz, CDCl3): δ 153.8, 140.0, 139.6, 139.4, 135.1, 134.4, 130.5, 
130.1, 129.6, 128.8, 128.0, 127.8, 126.5, 126.1. Appendix I: 19-20; Appendix II: 33-36. 
Attempted synthesis of 1-vinylaniline-1,2,3,4,5-pentaphenylgermole (2-30) 
(2-30) 
 
1-Hydrido-1,2,3,4,5-pentaphenylgermole (0.2 g, 0.394 mmol), 4-ethynylbenzenamine 
(0.057 g, 0.473 mmol), chloroplatinic acid (0.817 mg, 1.577 µmol), and dry toluene (17 
mL) were combined in a flask and purged with Ar. The pale yellow mixture was heated 
at ca.110 °C for 24 hours. After cooling to room temperature, the solvent was removed 
under vacuum. The yellow residue was purified using column chromatography (silica gel, 
hexane / ethyl acetate 3:1). NMR analysis indicated that the yellow residue was the 
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unreacted starting material, 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29). Appendix II: 
37  
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Chapter III 
Germafluorenes 
 
3.1   Introduction 
Considerable effort has been devoted to the development of light-emitting 
materials in the hopes of achieving flexible, lightweight displays for electronic device 
applications that can be easily manufactured using low cost printing techniques. Full-
color displays require a combination of blue, red, and green materials (small organic 
molecules or polymers) which exhibit high quantum efficiency, color purity, and 
stability. Compared to green and red light-emitting molecules, blue light-emitting 
molecules exhibit the shortest fluorescence lifetimes. However, red-light emitting 
materials with high electroluminescence ability and thermal stability are more limited in 
number than blue and green light-emitters.
1
 Red-light emitting materials are typically 
used only as dopants in OLED fabrication which presents multiple problems associated 
with reliably reproducing the concentration of the doped material for commercial 
production.
2
 Non-doped pure red OLEDS are rare. The difficulty with many luminophors 
is that they suffer from aggregation-caused quenching (ACQ) of light emission since they 
commonly possess one of two characteristics: highly conjugated π-systems or polar 
donor-acceptor substituents. Either trait renders these luminophors prone to 
crystallization in the solid state which ultimately leads to ACQ and the irreversible loss of 
fluorescence.
3
 
The fluorescent molecules of which these materials are composed can be utilized 
as discrete individual molecules or as incorporated into polymers. Small molecule 
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organic light-emitting diodes (OLEDs) are found in cell phones, computers, and 
electronic tablets and offer high resolution with rapid response times. The majority of 
molecules are used in polymer light-emitting diodes (PLEDs) which are being developed 
for larger area, flat-panel displays such as in televisions. Both material designs as well as 
the device fabrication process play crucial roles in the performance of the polymer. Many 
polymers have structures that consist of alternating donor and acceptor molecules. The 
properties of the polymer including energy levels, absorption and emission wavelengths, 
and solubility can be altered by changing the structures of the donor and acceptor 
molecules.
4
  
Polyfluorene derivatives (Figure 3-1 A) are an important class of blue-light 
emitting molecules that have excellent optical and electrical properties that have long 
been used to construct conducting polymers with high efficiencies and low operating 
voltages.
5
 Fluorenes are commonly used as building blocks to construct polymers since 
they have good solubility properties and are compatible with a variety of coupling 
reactions. A major disadvantage of using fluorene is that the bridgehead carbon (C-9 
position) is prone to oxidation resulting in the formation of fluorenone (Figure 3-1 B).
6
 
The formation of fluorenone during the device operation is responsible for the appearance 
of a low energy emission between 500 - 600 nm which limits the polymer’s efficiency 
and degrades the intensity and purity of the blue emission.
7
  
 
Figure 3-1: Structures of polyfluorene (A) and fluorenone (B) 
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This is a significant issue because in addition to high fluorescence intensity, color 
purity or saturation is an important attribute of these polymers. In order for devices to 
display all the colors of the visible spectrum, the three primary colors from which are 
they synthesized must be as saturated as possible.
8
 These issues have been conveniently 
circumvented by replacing the bridgehead carbon with a heteroatom such as silicon and 
germanium resulting in polymers with significantly improved efficiency and electron 
injection and transport abilities.
9
 For instance, a study was conducted that compared the 
performances of poly(9,9-dioctyl-2,7-silafluorene and poly(9,9-dioctyl-2,7-fluorene 
(Figure 3-2). Cyclic voltammetry measurements determined that the HOMO and LUMO 
energy levels of poly(9,9-dioctyl-2,7-silafluorene) (Figure 3-2 A) are 0.1 eV lower than 
the carbon analog which consequently lowers the barrier for electron injection. The 
polymer films containing the silafluorene also demonstrated superior thermal stability. 
Films of the poly(9,9-dioctylfluorene) degrade (as a result of the ketone formation at the 
bridgehead carbon) around 149 
o
C resulting in the appearance of a green band at 535 nm 
while poly(9,9-dioctyl-2,7-silafluorene) (Figure 3-2 B) maintained its color purity for 
prolonged periods at 250 
o
C.
4  
The CIE color coordinates of poly(9,9-dioctyl-2,7-
silafluorene) are (x = 0.15, y = 0.11) with a photoluminescence (PL) efficiency of 62% 
which are better than the carbon analog and well above the color coordinate standards of 
(0.14, 0.08) established by the National Television System Committee (NTSC).
5
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Figure 3-2: Structures of poly(9,9-dioctyl-2,7-silafluorene) (A) and poly(9,9-dioctyl-2,7-
fluorene) (B) 
Many of the optical and electrical enhancements observed with group 14 elements 
are attributed to a highly efficient interaction between the σ* orbital associated with the 
exocyclic bonds on the group 14 atom and the π* orbital of the butadiene segment which 
forms the central core of these molecules.
10
 The interaction between these anti-bonding 
orbitals results in a low lying lowest unoccupied molecular orbital (LUMO) as predicted 
by density functional theoretical studies for the frontier orbitals of the heavier group 14 
elements. For many years, 9-silafluorenes have found application not only in polymers, 
but as stable blue
7
 and violet
12
 light-emitting functional materials in organic light-
emitting diodes (OLEDs), thin-film field-effect transistors, chemical sensors, and 
photovoltaic devices while 9-germafluorenes derivatives remained relatively unexplored. 
The absence of such studies seems remiss as germanium compounds also exhibit a low 
lying LUMO attributed to highly efficient σ* - π* conjugation which is credited with 
imparting such features as the high electron affinities
13
 and mobilities
14
 observed for the 
silicon analogs.  
 Only in the past few years have electroluminescence devices using (PLEDs)
15
 and 
bulk heterojunction solar cells (BHJ)
16
 been constructed using germafluorene analogs. 
Polymers containing germafluorene demonstrated good solubilities, film forming 
abilities, and thermal stabilities which are traits necessary for preparing PLEDs.  Such 
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studies are now giving glimpses of the promise of this germanium heterocyclic system as 
excellent blue light-emitting and host materials. Germafluorene polymers not only exhibit 
significantly higher maximum luminescence efficiencies in the same PLED device 
configurations as those containing silafluorene polymers (0.301 lm/V at 6.2 V compared 
to 0.027 lm/V), but the electrochemical redox behavior supports the presence of an even 
lower lying LUMO than that of silicon (-2.20 eV compared to -2.18 eV). Such data 
supports the better electron injection and transfer abilities of germafluorene than that of 
its silicon analog.
12a
 The greater impact of germanium over silicon was also demonstrated 
by higher power conversion efficiencies (PCE) when germafluorene polymers were used 
as the active light absorbing layer or p-type material in inverted BHJ solar cells (7.3 % 
compared to 6.6 %). In these systems, the redox behavior of the germafluorene polymer 
indicated a higher HOMO energy level than that of silafluorene under identical 
conditions translating into a larger energy gap between the HOMO (p-type material) and 
LUMO (n-type material) which is vital for the determination of the open circuit voltage 
of the solar cell.
13
 
Although the synthetic pathways for preparing both sila- and germafluorenes have 
expanded to include transition metal assisted and Friedel-Crafts routes,
17
 the primary 
route for preparing these heterocycles is still based on a procedure developed back in 
1955.
18
  The process begins by building the structural framework of the heterocycle and 
involves a halogen-metal exchange reaction between 1,2-dibromobenzene and ½ 
equivalent of n-butyllithium at low temperature. The resulting lithiated species which 
forms in situ then couples with a second equivalent of 1,2-dibromobenzene to yield 2,2’-
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dibromobiphenyl (Scheme 1).
19
 The dibromobiphenyl is typically isolated prior to the 
next step.  
 
 
Scheme 3-1: Preparation of 2,2’-dibromobiphenyl 
 
A second halogen-metal exchange reaction between 2,2’-dibromophenyl and 2 
equivalents of n-butyllithium at low temperature produces a 2,2’-dilithiobiphenyl 
intermediate which can be quenched with a variety of substituted dichlorogermanes 
(Scheme 3-2).  
 
Scheme 3-2: Preparation of 9,9’-disubstituted germafluorene 
 
 
The approach to constructing the biphenyl precursor in the above mentioned 
process has been modified considerably throughout the years to allow for the 
development of substituted heterofluorenes.  Generally this route has been expanded 
recently for the preparation of symmetrically substituted biphenyls that possess two sets 
of halogens or tetrahalobiphenyls.  Except for carbazole and fluorene, most 9-
heterofluorenes are sensitive to the standard methods for incorporating halogens into the 
ring system which tend to lead to cleavage of the heteroatom-carbon bond. Therefore, the 
construction of tetrahalobiphenyls plays a vital role in the synthesis of heterofluorenes 
with ring substituents at carbon by allowing one set of halogens to be utilized for the ring 
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closure reaction to form the heterocycle while the second set can be used for substitution 
of the ring through a variety of cross coupling reactions. Since a halogen-lithium 
exchange occurs preferentially with iodo substituents, this selectivity can be exploited 
during the formation of the heterocycle but these substituents must be incorporated at the 
2,2’-positions of the biphenyl. However, the preparation of diiodo or dibromo substituted 
heterofluorenes can be quite challenging synthetically. The preparation of the 
tetrahalobiphenyls can be accomplished through manipulations of the substituents on 
commercially available benzene or biphenyl derivatives although the scope of these 
reagents is limited. Many of these manipulations involve sequences starting with 
diazotization of amino groups, nitration, reduction of nitro groups, transition metal 
assisted bromination, and iodination with potassium iodate.
14
  
While most of these procedures were designed to incorporate heterocycles such as 
sila- and germafluorene into polymers, there is considerable interest in developing the 
functionalized monomeric units for small molecule applications in organic devices.
20
 
Both functionalized siloles and germoles exhibit excellent optical and electrical 
properties which can be tuned by modifying the identity or position of the substituent on 
the ring. Sila- and germafluorenes are the annulated analogs of siloles and germoles 
respectively and by analogy to metalloles their properties may be modified through 
altering the substituents.   
3.2   Synthetic Overview 
A logical extension of the work with metalloles was to investigate germafluorenes 
to gain insight into changes of the optical and electrical properties upon expanding the 
germole core. Group 14 fluorenes such as sila- and germafluorene are of particular 
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interest as they are increasingly being used as key building blocks in conjugated 
polymers. The optical and electronic properties of these π-conjugated materials are 
intricately tied to their electronic structures which can be tuned by incorporating 
functional groups, fused aromatic rings, and bridging heteroatoms. In an effort to 
improve upon these materials, synthetic methods for the preparation of germafluorenes 
with broad structural variations that satisfy requirements for conjugation control need to 
be developed. The current limited numbers of studies using germafluorenes have 
illustrated the promise of these heterocycles for electronic applications; therefore, further 
investigations of the properties of various germafluorenes are required for the 
development of advanced materials. 
In order for these heterocycles to be used as materials in practical applications as 
electron-transporting or emissive layers as thin films in semiconducting and electronic 
devices, they should exhibit high fluorescence quantum yield (ΦF) in the solid state. In an 
effort to develop highly efficient solid state luminescence in germafluorenes, 
modifications to the structural motifs were being exploring that would promote two 
photoluminescent properties, AIE and AIEE (see Chapter 1). Many of the structural 
prerequites for AIE(E) molecules can be readily incorporated into germafluorenes at 
several of the sites of substitution to minimize the problems associated with the 
aggregation that is notorious for rendering luminophors ineffective for solid state 
applications in electroluminescent devices. The fluorene central core provides three sites 
for substitution that would allow structure-property investigations: the exocyclic 
positions (9,9 = R) directly attached to the germanium as well as those meta (2,7 = R
1
) 
and para (3,6 = R
2
) to the germanium center (Figure 3-3).    
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Figure 3-3: Molecular structure of germafluorene with numbering system 
 
Reported herein is the preparation of a series of 2,7- and 3,6-disubstituted 
germafluorenes. It was originally hoped that further studies of the influence of the linkage 
site on the unique properties of these germafluorenes would be conducted; however, due 
to unforeseeable synthetic challenges, some of these studies were performed. Hence, the 
majority of the work contained in this chapter relates to the synthetic methods used to 
prepare the different dihalo prescursors and a few functionalized monomers. 
A 2,7-dibromo-3,6-dimethoxy-9,9-germafluorenes (3-3) building block was 
initially selected as it was thought that this heterocycle would broadened the scope of 2, 
7-functionalized monomers.
22
 Not only can the methoxy substituent serve as an ortho / 
para directing group as well as a NMR marker, but it can serve as a site for substitution to 
extend the π-conjugated system of the germafluorene. Using a nickel catalyzed cross-
coupling reaction with phenylmagnesium bromide, under conditions referred to as 
Dankwardt’s conditions the methoxy substituent can be replaced by a phenyl ring 
(Equation 3-1).
21
 This method, if successful, would have allowed investigations of a 
variety of functionalized Grignard reagents for substitution at this site for fine tuning the 
optical properties of the germafluorene. Unfortunately, the work did not progress to this 
point.  
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Equation 3-1 
  
The preparation of the 2,7-dibromo-3,6-dimethoxy-9,9-germafluorene (3-3) was 
accomplished through three separate reactions by utilizing a modified procedure 
originally published by Huang and coworkers (Scheme 3-3).
22
 The formation of the 
tetrahalobiphenyl (3-2) was crucial to the overall success of this route since 9-
heterofluorenes cannot withstand typical brominating or iodinating methods and are 
prone to cleavage; therefore, it was necessary to halogenate the biphenyl prior to the ring 
closing step. The starting material, o-dianisidine, was commercially available and 
underwent a diazotization reaction followed by a modified Sandmeyer reaction to yield 
the 4,4-dibromo-3,3-dimethoxybiphenyl (3-1).  The 4,4-dibromo-3,3-dimethoxybiphenyl 
(3-1) was then iodinated using an iodine / potassium iodate system to yield the 6,6-
diiodo-4,4-dibromo-3,3-dimethoxybiphenyl (3-2). Using the reactivity difference of iodo 
and bromo substituents towards n-butyllithium, the iodo substituents selectively 
underwent a halogen / metal exchange reaction followed by ring closure with a 
germanium reagent, dichlorodiphenylgermane. Simple aryl substituents such as phenyls 
were initially selected as the substituents at the 9,9 – positions (Figure 3-3) because they 
provide the steric congestion necessary to disrupt the packing arrangement of AIE(E) 
molecules and should aid the thermal stability of the molecules by increasing the melting 
points.  
 
148 
 
 
Scheme 3-3: Synthetic pathway for the preparation of 2,7-dibromo-3,6-dimethoxy-9,9-
germafluorene (3-3) 
 
The preparation of a 3,6-dibromo-9,9-germafluorene (3-7) was accomplished 
through four separate reactions by utilizing a modified procedure originally published by 
Holmes and coworkers (Scheme 3-4).
23
 Like the earlier synthetic pathway for the 2,7-
dibromo-3,6-dimethoxy-9,9-germafluorene (3-3), it was necessary to construct the 
tetrahalobiphenyl (3-6) precursor prior to the formation of the germafluorene (3-7). 
However, in this case, a suitable biphenyl was not commercially available and had to be 
prepared. The commercially available 1,2-dibromo benzene was selected as the starting 
reagent as it could be coupled to yield 2,2’-dibromobiphenyl (3-4) which would serve as 
the organic framework for the heterocycle but required conversion to the 2,2’-diiodo 
analog. A second halogen / metal exchange reaction of (3-4) followed by quenching with 
iodine gave the requisite 2,2’-diiodobiphenyl (3-5) that then was then brominated 
utilizing an iron catalyst to yield the key tetrahalobiphenyl (3-6) precursor. This 
particular route of substitution was necessary in order to obtain the biphenyl with the iodo 
substituents in the 2,2’-positions so that a selective halogen / metal exchange between the 
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iodo substituents and n-butyllithium would yield the ring closed product, 3,6-dibromo-
9,9-dibenzogermafluorene (3-7).  
 
Scheme 3-4: Pathway for the preparation of 3,6-dibromo-9,9-germafluorene (3-7) 
 
Attempts were made to prepare germafluorene-diboronic esters using a procedure 
that involved the double lithiation of either 2,7-dibromo-3,6-dimethoxy-9,9-
germafluorene (3-3) or 3,6-dibromo-9,9-germafluorene (3-7) followed by boronation 
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboralane (Equation 3-2). These 
derivatives are useful for Suzuki cross-coupling reactions for functionalizing discrete 
monomers or incorporating these molecules into polymers. Attempts to prepare the 2,7-
dibromo-3,6-dimethoxy-9,9-germafluorene (3-3) were unsuccessful while the 3,6-
dibromo-9,9-germafluorene (3-7) was formed as a component in an inseparable mixture. 
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Equation 3-2 
 
Synthetic procedures were also being developing that would allow covalent 
decoration of discrete germafluorene monomers with a variety of substituents that were 
anticipated to exhibit high efficiency luminescence particularly in the solid state. 
Although processes such as donor-acceptor push-pull interactions, J-aggregate formation, 
or twisted intramolecular charge transfer (TICT) between polar functional groups do not 
activate the AIE(E) effect,
24
 incorporation of functional groups may allow control of the 
emission color. Therefore, a series of substituents was selected, which were known to 
exhibit a particular emission wavelength in siloles,
25
 for incorporation into the 2,7-
dibromo-3,6-dimethoxy-9,9-germafluorene (3-3) and 3,6-dibromo-9,9-germafluorene (3-
7). The 4-ethynyl-trifluorotoluene (Fig. 3-4A) was purchased commercially while the 
other three substituents, 4-(ethynylphenyl)diphenylaniline (3-10),
26
 9-(4-bromophenyl)-
9H-carbazole (3-11),
27
 and 2-(4-bromobenzylidene)malononitrile (3-12),
28
 were prepared 
according to known literature procedures (see the Experimental section) (Figure 3-4). It 
was anticipated that these discrete monomers may perform as well or better than their 
polymeric counterparts. Studies on the molecular design of functionalized 
germafluorenes are very limited. There do not appear to be any studies with 
germafluorenes relating the change in absorption and emission wavelengths when the 
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identity of the substituent is changed; only studies suggesting that the absorption and 
emission wavelengths change when the Group 14 element is changed.
29
  
 
 
Figure 3-4: Molecular structures of the substituents selected for incorporation in the 
germafluorenes 
These substituents were incorporated into the dihalo precursors using classical 
Sonogashira cross-coupling reactions. The 2,7-dibromo-3,6-dimethoxy-9,9-
germafluorene (3-3) or 3,6-dibromo-9,9-germafluorene (3-7) were coupled to the 
prepared terminal alkynes (4-ethynyl-trifluorotoluene and 4-
(ethynylphenyl)diphenylaniline (3-10))  in an amine and THF mixed solvent with 
tetrakis(triphenylphosphine)palladium(0) and copper(I) iodide as co-catalysts (Equation 
3-3).
11
 The results of these initial cross-coupling as well as the preparation of 
germafluorene-diboronic esters reflected inefficient coupling as inferred by the presence 
of the mono-substituted isomer in many of the reaction mixtures. This suggested that the 
second substitution may be slow. Therefore, in hopes of improving the efficiencies of 
these reactions, the bromo substituents were replaced by an ethynyl linkage such that the 
coupling could now result in the coupling of a carbon-carbon bond instead of a carbon-
bromine bond. The synthetic details of the above mentioned methods are outlined in the 
following sections. 
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Equation 3-3 
 
3.3   Results and Discussion 
3.3.1   2,7-Disubstituted Germafluorenes 
3.3.1.1   Synthesis of 4,4'-dibromo-3, 3'-dimethoxybiphenyl (3-1) 
 
Equation 3-4 
 
Preparation of 4,4'-dibromo-3, 3'-dimethoxybiphenyl (3-1) 
The initial precursor, 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1), was prepared by 
a two-step process which included the formation of a diazonium intermediate followed by 
a modified Sandmeyer reaction.
22
 The starting reagent, o-dianisidine, was selected 
because it was a commercially available molecule whose structure already possessed a 
biphenyl unit with amino functional groups. Primary arylamines such as o-dianisidine 
readily react with nitrous acid (HNO2) to form stable aryl diazonium salts.  Diazotization 
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reactions are generally compatible with a variety of substituents on the aromatic ring such 
as the methoxy substituents of the o-dianisidine. 
The o-dianisidine was dissolved in a solution of hydrobromic acid, water, and 
acetonitrile by gentle heating. This solution was then cooled to 0 °C.  In this method, the 
nitrous acid was generated in situ from a nitrite salt, NaNO2, and hydrobromic acid. This 
was accomplished by rapidly adding the sodium nitrite, which had been dissolved in cold 
water, such that the temperature of the reaction mixture was maintained between 0 - 2 °C 
throughout the addition. The diazonium ion was formed when the nitrosonium ion (NO
+
) 
from the nitrous acid adds to the amino group followed by the elimination of water. Once 
the addition was complete, the reaction mixture was stirred for two hours at 0 °C. The 
rate of addition of the sodium nitrite solution as well as the length of time allowed for the 
formation of the diazonium intermediate are important and have a significant bearing on 
the yield. Slow drop-wise addition of the sodium nitrite solution over a prolonged period 
of time reduced the yield. Since the o-dianisidine solution is a dark purple suspension, 
attempts to monitor the formation of the diazonium intermediate by testing for free 
nitrous acid using potassium iodide paper were futile. Various lengths of time were tested 
to ensure complete conversion to the diazonium intermediate and two hours seemed to 
produce the highest overall yield of the 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) (refer 
to alternative procedures 1-3 located in the experimental section). 
The second step of this approach involved the conversion of the diazonium 
intermediate to the dihalide. Aryl bromides can be prepared using copper salts as 
catalysts, a process which is referred to as a Sandmeyer reaction. When copper salts are 
used as catalysts, the substitution of the diazonium by halogens typically involves a 
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reduction-oxidation (redox) process which is highly dependent upon the content of the 
copper (I) ion; therefore, the copper (I) bromide was freshly synthesized.
30
 Sandmeyer 
reactions occur by oxidative addition of a diazonium ion to copper (I) followed by the 
subsequent halide transfer from the copper (III) intermediate.
31
 Under standard conditions 
of the Sandmeyer reaction, the diazonium salt would be added to a hot acidic solution of 
cuprous halide. However, in this process, a room temperature solution of copper (I) 
bromide was added to the cold diazonium solution over a period of thirty minutes such 
that the temperature did not exceed 5 °C.  Using classical Sandmeyer conditions as well 
as rapid addition of the cuprous halide solution resulting in temperatures above 5 °C 
significantly reduced the yield of the 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) (refer to 
alternative procedures 4-6 located in the experimental section). 
After the addition of the copper (I) bromide solution was complete, the reaction 
was allowed to gradually warm to room temperature (ca. one hour). Upon reaching room 
temperature, the mixture was gradually heated over a period of two hours to 65 °C using 
an oil bath. The mixture was heated at 65 °C overnight. This slower rate of thermal 
decomposition of the diazonium intermediate appeared beneficial and resulted in higher 
yields of the 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1).  
Characterization 
After a standard aqueous workup, the crude product was purified by 
chromatography to yield 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) as a colorless solid. 
The 
1H NMR spectrum exhibited a series of resonances for the aromatic protons at δ 
7.59, 7.04, 7.02 and 3.97. A singlet was observed at δ 3.97 which integrated for six 
protons was the most identifiable resonance and was associated with the methoxy groups 
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(Figure 3-5). These resonances were in good agreement with the reported literature 
values of δ 7.60, 7.04, 7.03, and 3.97 .22 
 
Figure 3-5:
 1
H NMR of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1)  
The 
13
C{
1
H} NMR spectrum exhibited seven resonances for the aromatic carbons 
of (3-1) at δ (ppm) 156.3, 141.4, 133.7, 120.7, 111.5, 110.9,and 56.5 (Figure 3-6). The 
resonance at δ 156.3 was associated with the ring carbons bearing the methoxy groups 
while the resonance at δ 141.4 was associated with the bridging carbons of the biaryl. The 
most diagnostic resonance belonged to the carbons of the methoxy group at δ 56.5. The 
carbon resonances of (3-1) were not reported.
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Figure 3-6: 
13
C{
1
H} NMR spectrum of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
 
3.3.1.2   Synthesis of 4,4'-dibromo-6,6'-diiodo-3,3'-dimethoxybiphenyl (3-2) 
 
Equation 3-5 
 
Preparation of 4,4'-dibromo-6,6'-diiodo-3,3'-dimethoxybiphenyl (3-2) 
Iodine itself is unreactive towards benzene derivatives which necessitate the need 
for an oxidizing agent to convert it to stronger electrophile. Generally this is 
accomplished using hydrogen peroxide or a copper (I) salt such as CuCl2 as an oxidizing 
agent.
 
 In this method, potassium iodate was used as the oxidizing agent. When iodine 
and an iodate are combined in the presence of sulfuric acid the iodinating system is 
commonly referred to as Masson’s reagent. Such solutions are proposed to contain the tri-
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iodine cation, I3
+
, which is capable of substitution reactions with a wide range of benzene 
derivatives, even deactivated aryls such as nitrobenzene and benzoic acid.
32
 This process 
was a simple electrophilic aromatic substitution whereby a mixture of 4,4-dibromo-3,3-
dimethoxybiphenyl (3-1), potassium iodate, iodine, and 20% sulfuric acid in acetic acid 
was heated at 80 °C overnight (Equation 3-5).
22
 After cooling to room temperature, water 
was added to the reddish orange reaction mixture to precipitate the 4,4'-dibromo-6,6'-
diiodo-3,3'-dimethoxybiphenyl (3-2). The reaction was nearly quantitative.  
Characterization 
After a standard aqueous workup, the residue was purified by silica gel 
chromatography to give 4,4'-dibromo-6,6'-diiodo-3,3'-dimethoxybiphenyl (3-2) as a white 
solid. GC-MS analysis reflected two species with the major product being the biaryl (3-2) 
with a molecular ion at 624 m/z. The second species, which was present in a small 
quantity, was assigned to the mono-iodo product with a molecular ion at 497 m/z.   
The 
1
H NMR spectrum exhibited two resonances for the aromatic protons at δ 
8.05 and 6.72. The most diagnostic features of the spectrum included the disappearance 
of a set of resonances for protons which were substituted with the iodide and the singlet 
at δ 3.88 which integrated for six protons was assigned to the methoxy groups (Figure 3-
7). These resonances were in good agreement with the reported literature values of δ 
8.05, 6.72, and 3.88.
22 
 
158 
 
 
Figure 3-7: 
1
H NMR spectra of 4,4'-dibromo-6,6'-diiodo-3,3'-dimethoxybiphenyl (3-2) 
and the starting material, 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
 
The 
13
C{
1
H} NMR spectrum exhibited seven resonances for the aromatic carbons 
of (3-2) at δ 156.2, 148.3, 142.2, 113.4, 112.5, 87.7,and 56.6 (Figure 3-8). The resonance 
at δ 156.2 was associated with the ring carbons bearing the methoxy groups while the 
resonance at δ 148.3 was associated with the bridging carbons of the biaryl. The most 
diagnostic resonances belonged to the carbons bearing the iodo substituents at δ 87.7 and 
those of the methoxy group at δ 56.6. The carbon resonances of (3-2) have not been 
reported.
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Figure 3-8: 
13
C{
1
H} NMR spectra of 4,4'-dibromo-6,6'-diiodo-3,3'-dimethoxybiphenyl 
(3-2) and the starting material, 4,4'-dibromo-3,3'- 
dimethoxybiphenyl (3-1) 
 
3.3.1.3   Synthesis of 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (3-3) 
 
Equation 3-6 
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Preparation of 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (3-3) 
The method  to prepare (3-3) involved the dilithiation of 4,4'-dibromo-6,6'-diiodo-
3,3'-dimethoxybiphenyl (3-2) in dry tetrahydrofuran followed by quenching with a 
commercially available germanium reagent, dichlorodiphenylgermane (Equation 3-6).
22 
These double lithiation reactions traditionally involved the slow drop-wise addition of n-
butyllithium at -90°C under inert conditions. Using the reactivity difference of the iodo 
and bromo substituents of (3-2) towards n-butyllithium, the iodo substituents selectively 
underwent a halogen / metal exchange reaction to generate the biaryllithium intermediate. 
For the dilithiation reaction, it was generally recommended that 2.05 equivalents of n-
butyllithium be used to ensure that the iodine substituents have reacted and to avoid side 
reactions with the bromine atoms. The resulting mixture was stirred at this temperature 
for 2 additional hours to ensure complete conversion. The dichlorodiphenylgermane was 
added in one portion by syringe.  
Traditionally the reaction mixture was allowed to gradually warm to room 
temperature and stirred overnight; however, in this method, the reaction mixture was 
stirred for thirty minutes upon reaching room temperature. After thirty minutes, the 
reaction mixture was gently refluxed for six hours. The heating was performed to 
increase the rate of the ring closure step. After six hours, the heating was discontinued 
and the reaction mixture was stirred overnight. The yellow reaction mixture was 
quenched with a saturated solution of ammonium chloride to eliminate any excess n-
butyllithium. 
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Characterization 
The 
1
H NMR spectrum of (3-3) exhibited a series of complex resonances for the 
aromatic protons at δ 7.84, 7.55, and 7.40. The most diagnostic feature indicating the 
formation of the heterocycle was the appearance of the resonance at δ 7.84 which was 
associated with the isolated proton between the methoxy substituent and the five-
membered ring (Figure 3-9). The singlet at δ 4.05 which integrated for six protons was 
associated with the methoxy groups. In a similar germafluorene with butyl groups on the 
germanium center, the resonances for the four aromatic protons were observed at δ 7.69 
and 7.32 and the protons assigned to the methoxy groups at δ 4.02.22 
 
Figure 3-9: Comparison of the 
1
H NMR spectra of 2,7-dibromo-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-3) and the starting material, 4,4'-dibromo-6,6'-diiodo-3,3'-
dimethoxybiphenyl (3-2) 
162 
 
The 
13
C{
1
H} NMR spectrum exhibited ten resonances for the aromatic carbons of 
(3-3) at δ 157.8, 147.4, 137.9, 134.7, 134.2, 131.5, 130.0, 128.8, 112.9, and 105.9. The 
resonance at δ 157.8 was associated with the ring carbons bearing the methoxy groups 
while the resonance at δ 147.4 was associated with β-carbon of the central five-
membered ring (Figure 3-10). In a similar germafluorene with butyl groups on the 
germanium center, these resonances were observed at δ 157.2 and 147.2, respectively.22 
The diagnostic feature of the spectrum that indicated the formation of the heterocycle was 
the disappearance of the resonance at δ 87.7 which was associated with the carbons 
bearing the iodo substituents. The resonance for the methoxy groups appeared at δ 56.5 
which was the chemical shift reported for the 2,7-dibromo-3,6-dimethoxy-9,9-
dibutylgermafluorene.
22 
 
Figure 3-10: Comparison of the 
13
C{
1
H} NMR spectra of 2,7-dibromo-3,6-dimethoxy-
9,9-diphenylgermafluorene (3-3) and the starting material, 4,4'-dibromo-6,6'-diiodo-3,3'-
dimethoxybiphenyl (3-2) 
163 
 
The product, (3-3), was recrystallized using a dichloromethane / ethanol solvent 
system to yield crystals suitable for X-ray diffraction studies. The crystal system was 
monoclinic and the space group was P21/c. Examination of the crystal structures showed 
that the germanium containing central core was almost planar while the phenyl 
substituents at the 9,9-positions were oriented such that they are angled in above and 
below the plane of the germafluorene skeleton (Figure 3- 11). The exocyclic bond lengths 
were: Ge1-C21 and Ge1-C15 at 1.947(3) angstroms and 1.951(3), respectively. The bond 
lengths for the central five-membered ring were: Ge1-C1(1.948(3)), C1-C6 (1.408(3)), 
C6-C7 (1.495(3)),C7-C12 (1.405(4)), and C12-Ge1 (1.941(4)). 
 
Figure 3-11: Crystal structure of 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene 
(3-3) 
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3.3.1.4   Attempted synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-
yl)-3,6-dimethoxy-9,9’-diphenylgermafluorene (3-8) 
 
Equation 3-7 
Attempted preparation of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-3,6-
dimethoxy-9,9’-diphenylgermafluorene (3-8) 
Boronic acids are widely used in Suzuki cross-coupling reactions for the 
formation of carbon-carbon bonds. Arylboronic acids are generally prepared using an 
organoborate and an organometallic reagent such as lithium or magnesium. Such species 
are prepared by insertion of magnesium or a halogen / metal exchange reaction.
33
 These 
procedures are hindered by incompatibility between certain functional groups such as 
esters and nitriles with organolithium reagents and the general instability of many 
aryllithium species.  
In this procedure, 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (3-3) 
was dissolved in dry tetrahydrofuran and cooled to -78 °C under inert conditions. Tert-
butyllithium was then slowly added drop-wise. After the addition was complete, the 
brown-yellow solution was stirred for 2 hours at -78 °C to allow the halogen / metal 
exchange reaction to go to completion. After such time, 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane was added in one portion by syringe. The green-brown 
reaction mixture was allowed to gradually warm to room temperature and stirred 
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overnight. The pale yellow suspension was quenched with water, extracted with diethyl 
ether, dried over MgSO4, and evaporated to dryness. 
  Despite several attempts, this procedure consistently produced a mixture of the 
starting material (3-3) and a product which was tentatively assigned as 2,7-dimethoxy-
9,9-diphenylgermafluorene (3-13) (Figure 3-12).  No spectroscopic data consistent with 
the formation of the diboronic ester (3-8) in any appreciable amount was detected by 
NMR analysis. 
 
Figure 3-12: Molecular structure of 2,7-dimethoxy-9,9-diphenylgermafluorene (3-13)  
 
These results suggested that the relative strength of the carbon – bromine bond 
may be quite high especially in light of the fact that four equivalents of tert-butyllithium 
were used and that two hours were allotted for the conversion to the dilithio intermediate 
and yet, the starting material (3-3) persisted. The presence of the 2,7-dibromo-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-3) suggested that the aryllithium species did 
not effectively form which may allow the tert-butyllithium to consume the borate. 
Additionally, there was the question as to why the aryllithium species did not react with 
the 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, a highly reactive Lewis acid. 
There have been reports that the use of tert-butyllithium can cause the decomposition of 
boronates.
34
 Future considerations for this procedure may include substituting n-
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butyllithium for tert-butyllithium or reducing the amount of time in which the boronate is 
exposed to the tert-butyllithium. 
Characterization 
Purification of the reaction mixture was problematic. Attempts to purify the crude 
mixture by chromatography were unsuccessful. The crude reaction mixture was colorless 
and as a result, there were no distinctive bands on the column to aid in the separation 
process. Multiple columns were performed; however, the starting material, the 2,7-
dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (3-3), and the 2,7-dimethoxy-9,9-
diphenylgermafluorene (3-13) eluted very close to one another resulting in a mixture. 
Attempts to recrystallize the 2,7-dimethoxy-9,9-diphenylgermafluorene (3-13) from the 
mixture using dichloromethane / ethanol failed.  
The  
1
H NMR spectrum exhibited two resonances for the diagnostic isolated 
proton between the methoxy substituent and the five-membered ring: one at δ 7.84 which 
was associated with the starting material (3-3), and a second at δ 7.98 which was assigned 
to the 2,7-dimethoxy-9,9-diphenylgermafluorene (3-13). Integration of these resonances 
suggested a 2:1 mixture of the 2,7-dimethoxy-9,9-diphenylgermafluorene (3-13) and 
starting material (3-3) (Figure 3-13). Two resonances for the methoxy protons were also 
observed: one at δ 4.05 which was associated with the starting material (3-3) and the 
second at δ 4.08 which was assigned to the 2,7-dimethoxy-9,9-diphenylgermafluorene (3-
13). Integration of these resonances also suggested a 2:1 mixture (Figure 3-13).  
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Figure 3-13: Selected regions of the 
1
H NMR spectra of the mixture of (3-3) and (3-13) 
 
 
The mixture of (3-3) and (3-13) was clearly indicated by the presence of the two 
resonances in the 
13
C{
1
H} NMR spectrum. The starting material, the 2,7-dibromo-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-3), exhibited a resonance for the ring carbon 
bearing the methoxy groups at δ 157.8 and the methoxy carbon at δ 56.5. The 2,7-
dimethoxy-9,9-diphenylgermafluorene (3-13) exhibited a resonance for the ring carbon 
bearing the methoxy groups at δ 153.9 and the methoxy carbon at δ 56.8 (Figure 3-14).  
No further attempts to purify the mixture of (3-3) and (3-13) were made. Approaches to 
obtain the diboronic ester (3-8) were abandoned.  
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Figure 3-14: Selected regions of the 
13
C{
1
H} NMR spectrum of the mixture of (3-3) and 
(3-13) 
3.3.1.5   Synthesis of 2,7-functionalized-3,6-dimethoxy-9,9-diphenylgermafluorenes 
 
 
 
Equation 3-8 
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Preparation of 2,7-functionalized-3,6-dimethoxy-9,9-diphenylgermafluorenes 
The formation of carbon (sp) – carbon (sp2) bonds is a key step in the preparation 
of arylalkyne compounds. Sonogashira cross-coupling between an aryl or vinyl halide 
and a terminal alkyne is one of the most efficient methods of obtaining these categories 
of compounds. In this method, 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene 
(3-3) was coupled with several terminal alkynes using a dual catalyst system consisting 
of  tetrakis(triphenylphosphine)palladium (0) and copper (I) iodide under inert 
conditions.
11
 Two commercially available terminal alkynes, 4-ethynyl-trifluorotoluene 
and 4-ethynylbiphenyl, were coupled to the aryl bromide (3-3).                    
2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-14) and 2,7- bis(4-ethynylbiphenyl)-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-15) 
                                                       
                                                     
Both the 4-ethynyl-trifluorotoluene and the 4-ethynyl-biphenyl were 
commercially available. Generally in this coupling reaction, the aryl halide, palladium 
catalyst, and copper co-catalyst are initially combined. To this mixture was then added 
dry, degassed diisopropylamine and tetrahydrofuran followed by the degassed terminal 
alkyne. The terminal alkyne was the final reagent added to minimize the competing 
homocoupling reaction of the alkyne. The resulting brown mixture was refluxed 
overnight. After cooling to room temperature, bulk hexane was added to precipitate the 
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ammonium salts. The suspension was filtered through a silica gel plug to yield yellow to 
orange-yellow solids.  
Characterization 
The crude products were further purified by chromatography to yield yellow 
solids. The 2,7- bis(4-ethynylbiphenyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15) 
was obtained as a component in a mixture that typically consisted of the starting material 
(3-3), the mono-substituted germafluorene, and several unidentified species. Isolation of 
a pure sample of (3-15) could not be obtained. Both the 2,7- bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) and 
2,7- bis(4-ethynylbiphenyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15) exhibited 
similar features in the NMR spectrum. The 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-
3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) spectra are shown as a representative 
sample.  
The 
1
H NMR spectrum exhibited a series of complex overlapping resonances for 
the aromatic protons. The most diagnostic feature indicating that the heterocycle survived 
the Sonogashira cross-coupling conditions was the resonance at δ 7.87 which was 
associated with the isolated proton between the methoxy substituent and the five-
membered ring (Figure 3-15). The resonance associated with the methoxy groups 
appeared as a singlet at δ 4.10. These values are in good agreement with the related 
silicon analog, 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
diphenylsilafluorene, that reported these resonances at δ 8.03 and 4.08, respectively while 
the remaining proton resonances were observed at δ 7.91, 7.76, 7.73, and 7.49-7.42. 11  
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Figure 3-15: 
1
H NMR spectra of the 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-14) and the starting material, 2,7-dibromo-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-3) 
 
The 
13
C {
1
H} NMR spectrum was more informative in that the resonances for the 
alkynyl carbons are in a distinct region of the spectrum appearing at δ 93.6 and 88.8 
(Figure 3-16).  In the related silicon analog, 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-
3,6-dimethoxy-9,9-diphenylsilafluorene, the alkynyl carbons were reported at δ 93.6 and 
90.0.
11 
Evidence that the methoxy groups survived the transformation was indicated by 
the resonance at δ 162.4 while the resonance at δ 148.9 for the β-carbon of the central 
five-membered ring suggests that the heterocycle was intact.  In the related silicon 
172 
 
analog, the carbon bearing the methoxy groups was reported at δ 164.2 while the the β-
carbon of the central five-membered ring was reported at δ 151.8.11 
 
Figure 3-16: 
13
C {
1
H} spectra of the 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-14) and the starting material, 2,7-dibromo-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-3) 
Another feature indicating the successful coupling of the 4-ethynyl-
trifluorotoluene with the heterocycle (3-3) included the resonance for the carbon of the 
trifluoromethyl group which appeared as a quartet at δ 129.9 reflecting the unique 
splitting pattern resulting from the coupling between the carbon and the fluorine atoms 
(Figure 3-17). The one bond coupling constant was 33 Hz. The resonance for the ring 
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carbon bearing the trifluoromethyl group also exhibited the unique splitting pattern from 
longer range coupling to the fluorine. The splitting pattern was less well defined and 
appeared as a doublet of doublets at δ 125.4. The coupling constants were 7 and 4 Hz 
(Figure 3-18).  
 
Figure 3-17: Region of the 
13
C{
1
H} spectrum of the 2,7-bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
showing the splitting pattern of the trifluoromethyl group 
 
Figure 3-18: Region of the 
13
C{
1
H} spectrum of the 2,7-bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
showing the splitting pattern for the ring carbon bearing the trifluoromethyl group 
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Crystal Structures. Both compounds, the 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-
3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) and 2,7-bis(4-ethynylbiphenyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-15), were recrystallized using a 
dichloromethane / ethanol solvent system. The crystals of (3-14) were X-ray quality 
while the disorder associated with the biphenyl substituents of (3-15) resulted in an R 
factor outside the acceptable parameters for publication. The 2,7- bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
crystallized in the space group C 2/c while the 2,7- bis((4-ethynylbiphenyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-15) space group was P 21/c (Figure 3-19). 
Although the germafluorenes were much larger molecules than the germoles, they still 
exhibited a twisted structure as a result of the steric crowding between the peripheral 
aromatic substituents which surrounded the core. This twisted structure was prevalent in 
molecules that exhibit the AIE phenomenon and targeted as a key design aspect within 
the germafluorenes. Examination of the crystal structures suggested the germanium 
containing central core remained planar which promoted efficient σ*-π* conjugation. The 
2,7-substituents after the acetylene linker assumed flexible orientations (Figure 3-19). In 
a related silicon analog, 2,7-bis(phenylethynyl)-3,6-dimethoxy-9,9-diphenylsilafluorene, 
that crystallized in an orthorhombic crystal system with the space group Pbca, one of the 
phenyl substituents was coplanar with the central core while the second phenyl was 
perpendicular.
11
 The (trifluoromethyl)phenyl substituents of (3-14) were co-planar with 
the central core due to hydrogen bonding within the packing structure whereas the 
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biphenyl substituents of  (3-15) reflected  a higher degree of twisting. Both of these 
effects are highly desirable in the AIE phenomenon. 
 
 
 
 
Figure 3-19: Crystal structures (a) 2,7-bis(((trifluoromethyl)phenyl)ethynyl) (3-14) and 
(b) ((biphenyl)ethynyl)germafluorene (3-15) 
(a) 
(b) 
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The additional hydrogen bonding within the packing structure imposed a higher 
degree of restricted motion which enhances AIE while the twisting at the 2,7-positions 
limited the approach of adjacent molecules. The molecules are well separated by 
distances greater than 10 angstroms within the packing structure to prevent 
intermolecular electronic interactions such as π-π stacking that leads to luminescence 
quenching (Figure 3-20).  Even in areas of the packing arrangement where the aromatic 
segments have managed to align on top of one another, the distances between the 
aromatic rings are outside of acceptable distances for π-stacking interactions such as the 
case in 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-14) where the distances are 4.024 Å, 4.112 Å, and 5.230 Å 
respectively (Figure 3-21). 
 
 
 
Figure 3-20: Packing arrangements of (a) 2,7-bis(((trifluoromethyl)phenyl)ethynyl) (3-
14)  and (b) ((biphenyl)ethynyl)germafluorene (3-15)  illustrating the separation between 
adjacent molecules 
 
(a) (b) 
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Figure 3-21: Separation between the aromatic segments of individual molecules of (3-
14) 
Thermal properties. The thermal stability under nitrogen was studied using differential 
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The DSC analysis 
indicated a high melting point of 300 
o
C. The TGA analysis indicated high thermal 
stability with a decomposition temperature of 370 
o
C that corresponded to a 20% weight 
loss. In the related silicon analog, 2,7-bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-
dimethoxy-9,9-diphenylsilafluorene, the melting point was measured at 307 
o
C; a 
decomposition temperature of 412 
o
C was observed that corresponded to a 5% weight 
loss.
11 
Photophysical properties. Both germafluorenes (3-14) and (3-15) exhibit intense blue 
emission in solution as well as in the solid state. This was in contrast to the germoles 
which were relatively non-emissive in solution. As a representation, the absorption and 
emission maxima of the 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
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diphenylgermafluorene (3-14) are 375 nm  and 426 nm, respectively in acetonitrile. The 
corresponding silafluorene for the 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-14) does exist and exhibited similar absorption 
and emission values of 374 nm and 421 nm, respectively.
11
 In the solid phase, the 
emission of (3-14) was measured at 430 nm using a thin layer chromatography (TLC) 
technique (Figure 3-22 C).
35
 The absorption and emission data were similar to the 
corresponding silafluorene with values of 374 nm and 421 nm, respectively.
11 
 
(a) 
 
(b) 
 
(c) 
 
Figure 3-22: Crystals of 2,7-bis(((trifluoromethyl)phenyl)ethynyl)germafluorene (3-14)  
under ambient light (a) and UV light (b) and fluorescence of the thin film (c) 
 
Preliminary investigations of the 2,7-functionalized germafluorenes suggested 
highly stable fluorescent properties. The fluorescence quantum yield in solution was 
determined to be 0.77 using anthracene in ethanol as a standard. This was higher than the 
quantum yield which was calculated to be 0.75 for the corresponding silafluorene for the 
2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene 
(3-14) using similar experimental conditions.
11
 Upon visual inspection, the luminescence 
of the 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
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diphenylgermafluorene (3-14) resembled 9,10-diphenylanthracene, a common standard 
used to determine fluorescence quantum yields (Figure 3-23). 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 3-23: A comparison of the fluorescence between 9,10-Diphenylanthrancene (a) 
and decreasing concentrations of  (3-14) 1E-3 M (b), 1E-4M (c), and 1E-5M (d)  
  
Photostability studies. Investigations were conducted to determine if the 2,7-
disubstituted germafluorenes were tolerant to photobleaching which was the fading of the 
fluorescence. Degradation of the color purity and quantum efficiency are major concerns 
in device applications which utilize solid state materials. In the photobleaching tests, an 
acetonitrile solution of the 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-
9,9-diphenylgermafluorene (3-14) was exposed to high energy (254 nm) light from a UV 
lamp. The absorption and emission wavelengths were measured prior to and after two and 
eighteen consecutive hours of exposure to the high energy light. The data from these tests 
indicated excellent photostability upon light irradiation. No shifting of the absorption and 
emission wavelengths were observed (Figure 3-24). Little diminution of the fluorescence 
was observed even after the prolonged exposure. Using anthracene as a standard, the 
quantum yield decreased by 0.38 after eighteen hours of exposure. Typically such studies 
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are conducted with lower energy light and the irradiation lasts for only a few hours. 
However, under more stringent conditions the germafluorene (3-14) demonstrated a high 
degree of tolerance to photobleaching. 
(a) 
(b) 
 
Figure 3-24: Absorption (a) and emission spectrum (b) of (3-14) reflecting changes 
during the photobleaching test 
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AIE phenomenon. At this stage, it cannot be ascertained whether or not the 2,7-
functionalized germafluorenes exhibit the AIE phenomenon. The fluorescence quantum 
yield in solution was high and studies involving reducing the solubility yielded 
inconclusive results. The AIE effect may manifest itself in the solid state. If an 
enhancement in the fluorescence quantum yield is observed between the amorphous 
powder and the crystalline phases, then the germafluorenes will be considered to exhibit 
AIE€. However, such determinations require measurements with an absolute integrating 
sphere, an instrument that was currently unavailable. 
3.3.2   3,6-Disubstituted Germafluorenes 
3.3.2.1   Synthesis of 2,2'-dibromobiphenyl (3-4) 
 
Equation 3-9 
Preparation of 2,2'-dibromobiphenyl (3-4)
23 
The commercial starting material, 1,2-dibromobenzene, underwent a halogen-
metal exchange reaction with n-butyllithium at low temperature in dry THF.  The role of 
the solvent was not fully understood in this reaction; performing the reaction in dry 
diethyl ether was reported to yield a viscous oil from which the desired products could 
not be identified.
16
  This method involved the formation of a stable aryllithium 
intermediate by the slow addition of n-butyllithium which subsequently coupled with a 
second equivalent of 1,2-dibromobenzene (Equation 3-9). It is thought that a transient 
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benzyne intermediate might be involved in the formation of these biaryls.
36
 The biaryl, 
2,2’-dibromobiphenyl (3-4), was initially obtained as brownish yellow oil; however, 
addition of ethanol caused instantaneous precipitation of the biaryl as an off-white 
crystalline solid in good yield. Multiple crops were obtained by removing the solvent and 
adding fresh ethanol with either vigorous shaking or cooling.  
Characterization 
Further purification of the off-white crystalline solid (3-4) was not performed. 
GC-MS analysis reflected two species with the major product being the biaryl (3-4). The 
molecular ion (312 m/z) appeared between 8.3 to 8.5 minutes (Figure 3-25). The 
spectrum exhibited the fragmentation pattern corresponding to the loss of a bromo 
substituent (231 m/z) and then an unassigned m/z of 152. The second species, which was 
present in a small quantity, was thought to be associated with residual brownish yellow 
oil from which the biaryl precipitated. This species was not identified. 
 
Figure 3-25: GC-MS analysis of 2,2'-dibromobiphenyl (3-4) 
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The 
1
H NMR spectrum of the 2,2’-dibromobiphenyl (3-4) exhibited a series of 
complex resonances for the aromatic protons at δ 7.68, 7.39, 7.27 and 7.25 (Figure 3-26). 
The complexity of resonances resulted from a slight difference in the coupling between 
the protons on the two separate rings which resulted in the additional splitting pattern of 
the resonances. Integration of these resonances suggested eight protons. These values 
were in good agreement with the reported literature resonances for (3-4) of δ 7.67, 7.37, 
7.28 and 7.24.
23 
 
Figure 3-26: 
1
H NMR spectrum of 2,2’-dibromobiphenyl (3-4) 
 
The 
13
C{
1
H} NMR spectrum exhibited six resonances for the aromatic carbons of 
(3-4) at δ 142.2, 132.7, 131.1, 129.5, 127.3, and 123.7 (Figure 3-27). The resonance at δ 
142.2 was associated with the carbons connecting the biaryl while the resonance at 
δ123.7 was associated with the carbons possessing the bromo substituent. The reported 
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literature values for (3-4) were observed at δ 141.6, 135.8, 129.8, 129.3, 127.1, and 
125.5.
23 
 
Figure 3-27: 
13
C {
1H} NMR spectrum of 2,2’-dibromobiphenyl (3-4) 
 
3.3.2.2   Synthesis of 2,2'-diiodobiphenyl (3-5) 
 
Equation 3-10 
 
Preparation of 2,2'-dibromobiphenyl (3-5)
23 
The biaryl, 2,2'-dibromobiphenyl (3-5), underwent a halogen-metal exchange reaction 
with n-butyllithium at low temperature in dry diethyl ether in contrast to the previous 
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halogen-metal exchange involving 2,2'-dibromobiphenyl (3-4) which was performed in 
THF (Equation 3-10). Iodo substituents are more stable in diethyl ether. This method also 
involved the formation of a stable aryllithium intermediate by the slow addition of n-
butyllithium which was subsequently quenched by the slow addition of iodine at 0 
o
C 
(Equation 3-10).  The solution containing the aryllithium intermediate was brown-yellow. 
As the diethyl ether solution of iodine was added, the color quickly dissipated.  The color 
of the reaction mixture remained brown-yellow until it was saturated with iodine at which 
point it turned brown-purple. The excess iodine was quenched with sodium thiosulfate 
and the reaction mixture was extracted into diethyl ether at which point the reaction 
solution was pale yellow.  
Characterization 
Purification consisted of filtering the pale yellow solution through a silica gel plug 
to obtain (3-5) as an off-white solid. GC-MS analysis reflected three species with the 
major product being the biaryl (3-5). The molecular ion (405 m/z) appeared between 9.4 
to 9.5 minutes (Figure 3-28). The spectrum exhibited the fragmentation pattern 
corresponding to the loss of an iodo substituent (279 m/z) and then the second (152 m/z). 
The other two species, which were present in minor quantities, consisted of biphenyl (m/z 
= 154) and the mono-iodobiaryl (m/z = 280). Both species could be removed through 
recrystallization of the reaction products with hexane. 
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Figure 3-28: GC-MS analysis of 2,2'-diiodobiphenyl (3-5) 
 
 
The 
1
H NMR spectrum of the 2,2'-dibromobiphenyl (3-5) exhibited a series of 
complex resonances for the aromatic protons at δ 7.95, 7.42, 7.20 and 7.09. The reported 
literature values of (3-5) were observed at δ 7.96, 7.44, 7.20 and 7.10.23 The complexity 
of resonances resulted from a slight difference in the coupling between the protons on the 
two separate rings which gave rise to the additional splitting pattern of the resonances. 
However, the deshielding experienced by protons near the iodo substitutents (A and B) 
resulted in a slight shift downfield while protons (C and D) experienced an increase in 
shielding which was reflected by the shift upfield relative to the 2,2'-dibromobiphenyl (3-
4) (Figure 3-29). These differences in shielding effects separated the overlapping 
resonances making the chemical shifts more distinctive.  Integration of these resonances 
was consistent with eight protons. 
187 
 
 
Figure 3-29: The aromatic region of the 
1
H NMR spectra of 2,2’-diiodobiphenyl (3-5) 
and the starting material, 2,2’-dibromobiphenyl (3-4) 
 
The 
13
C{
1
H} NMR spectrum of the 2,2'-diiodobiphenyl (3-5) exhibited six 
resonances for the aromatic carbons at δ 149.1, 139.0, 130.1, 129.5, 128.2, and 99.8 
(Figure 3-30). The reported literature values for  (3-5) were observed at δ 148.9, 138.9, 
129.9, 129.4, 128.0, and 99.6.
23
  The resonance at δ 149.1 was associated with the 
carbons connecting the biaryl while the resonance at δ 99.8 was associated with the 
carbons possessing the iodo substituent. The differences in the shielding effects between 
the bromo and iodo substituents were also reflected in the carbon chemical shifts: the 
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carbons connecting the aryl groups were shifted downfield to δ 149.1from 142.2 while 
the carbons bearing the iodo were shifted upfield to δ 99.8 from 123.7 when compared to 
the 2,2’-dibromobiphenyl (3-4). 
 
Figure 3-30: 
13
C {
1
H} spectra of 2,2’-diiodobiphenyl (3-5) and the starting material, 
2,2’-dibromobiphenyl (3-4) 
 
3.3.2.3   Synthesis of 5,5’-dibromo-2,2’-diiodobiphenyl (3- 6) 
 
 
Equation 3-11 
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Preparation of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6)23 
The halogenation of 2,2'-diiodobiphenyl (3-5) was a standard electrophilic 
aromatic substitution reaction. As is typical in these substitution reactions, a highly 
reactive electrophile was required to counteract the high stability associated with benzene 
derivative. This was traditionally accomplished using a transition metal catalyst such as 
FeBr3.
37
 In this procedure, iron powder and bromine were added to a solution of 2,2’-
diiodobiphenyl (3-5) in chloroform to generate the FeBr3 in situ (Equation 3-11). This 
method required inert conditions as FeBr3 was reactive with moisture and once hydrated, 
the Lewis acid became inactive. Once formed, the catalyst polarized the bromine 
rendering it more electrophilic by producing a FeBr4
- 
Br
+ 
species which functioned as a 
bromonium ion.
37
 This polarized species was then attacked by the π-electrons of phenyl 
rings to yield a carbocation intermediate. The regioselectivity of the bromination resulted 
from the stabilizing effect exerted by the iodo substituents on the carbocation as the 
individual phenyl rings of the biphenyl are thought to be twisted out of conjugation due 
to steric effects. 
Although this method appeared straightforward, overbromination of the biaryl (3-
5) consistently resulted in low yields. A search of the Scifinder database indicated only 
one other method for the preparation of the 5, 5'-dibromo-2,2'-diiodobiphenyl (3-6) which 
involved the diazotization of a prepared 5,5’-diamine-2,2’-dibromobiphenyl precursor 
followed by quenching with potassium iodide. This process was also low yielding (32%) 
due to the formation of a dibenzoiodonium iodide salt byproduct.
38
 Due to the limited 
resources for preparing the targeted compound, several attempts to optimize the 
procedure were performed which primarily focused on the temperature range as well as 
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the duration of heating. Initially, the suspension of 2,2'-diiodobiphenyl (3-5), iron(0), and 
bromine was heated at 50 °C overnight (refer to Alternative Preparation 1 in the 
Experimental section). The reaction mixture from this process consisted primarily of a 
tribrominated diiodobiphenyl as determined by GC-MS analysis. The targeted 5,5’-
dibromo-2,2’-diiodobiphenyl (3-6) was obtained as an off white solid in 15% yield.  
In a subsequent attempt, the reaction suspension was stirred at room temperature 
for two hours. GC analysis during this time period indicated no activity suggesting that 
heat was required to initiate the bromination process (refer to Alternative Preparation 2 in 
the Experimental section). After stirring at room temperature, the solution was heated 
between 38 - 40 °C for six hours and the reaction progress was monitored by GC. When 
it appeared that the starting biaryl, 2,2'-diiodobiphenyl (3-5), was practically consumed, 
the reaction was quenched. The main reaction product obtained through this modification 
was the monobrominated diiodobiphenyl as indicated by GC-MS analysis suggesting that 
a higher temperature range was needed for the second bromination to occur. The targeted 
5,5’-dibromo-2,2’-diiodobiphenyl (3-6) was obtained as an off white solid in 10% yield.  
In the third modification of this procedure, similar reaction conditions were used; 
however, the number of equivalents of bromine was decreased from 4 to 3.75 to 
minimize overbromination (refer to Alternative Preparation 3 in the Experimental 
section). This adjustment resulted in a slight increase in the yield (20%); however, the 
predominant reaction product remained the tribrominated diiodobiphenyl as well as other 
multiple brominated species as determined by GC-MS. The results from the previous 
modifications suggested that the bromination was more facile and rapid between the 
temperature range of 40 – 50 °C than suggested by literature. It was at this point that it 
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was determined that the Varistat used to control the temperature was insufficient and the 
fluctuations in heating were detrimental to the yield. An accurate heating electrode was 
used and the temperature was held between 47.5 - 49 °C. Additionally, the reaction 
progress was monitored within twenty minutes of heating instead of after two hours. GC 
analysis indicated that the starting material, 2,2'-diiodobiphenyl (3-5), was more than half 
consumed. After one hour, the reaction solution was quenched before cooling to 
immediately stop the bromination process. Using these modifications, yields of 50 % or 
greater were consistently obtained. It was also observed that the purity of 2,2'-
diiodobiphenyl (3-5) had a significant impact on the yield. Highly pure 2,2'-
diiodobiphenyl (3-5), which had been recrystallized in hexane twice, resulted in a yield of 
79% although this has not been reproduced. 
Characterization 
No further purification of the 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) was 
performed. The 
1
H NMR spectrum exhibited a series of resonances for the aromatic 
protons at δ 7.78, 7.32, and 7.24 (Figure 3-31) which correlated exactly with the reported 
literature values for (3-6) at δ 7.78, 7.32, and 7.24.23 Integration of these resonances 
suggested six protons. The most notable feature was the loss of the triplet at δ 7.09 
associated with the protons that were substituted with bromine when compared to the 
2,2'-diiodobiphenyl (3-5). 
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Figure 3-31: 
1
H NMR spectra of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) and the starting 
material, 2,2’-diiodobiphenyl (3-5) 
The 
13
C{
1
H} NMR spectrum exhibited six resonances for the aromatic carbons of  
the 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) at δ 149.4, 140.5, 133.0, 132.8, 122.5, and 
97.4 (Figure 3-32). The reported literature values for (3-6) were observed at δ 149.3, 
140.3, 132.9, 132.6, 122.3, and 97.3.
23
 The resonance at δ 149.4 was associated with the 
carbons connecting the biaryl, the resonance at δ 97.4 was associated with the carbons 
possessing the iodo substituent, and the resonance at δ 122.5 was associated with the 
carbons possessing the bromo substituent. The addition of  bromo substituents resulted in 
a slight decrease in the shielding of the carbons connecting the aryl groups which were 
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shifted downfield to δ 149.4 from 149.1 while the shielding effects of the carbons bearing 
the iodo were shifted upfield to δ 97.4 from 99.8 when compared to the 2,2’-
diiodobiphenyl (3-5). 
 
Figure 3-32: 
13
C {
1
H} NMR spectra of the 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) and 
the starting material, 2,2’-diiodobiphenyl (3-5) 
3.3.2.4   Synthesis of 3,6-dibromo-9,9’-diphenylgermafluorene (3-7) 
 
Equation 3-12 
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Preparation of 3,6-dibromo-9,9’-Diphenyl germafluorene (3-7) 
The method used to prepare (3-7) involved the dilithiation of 5,5’-dibromo-2,2’-
diiodobiphenyl (3-6) in dry tetrahydrofuran which was then quenched with the 
commercially available germanium reagent, dichlorodiphenylgermane (Equation 3-12).
23
 
These dilithiation reactions traditionally involved the slow drop-wise addition of n-
butyllithium at -90°C under inert conditions. Using the reactivity difference of the iodo 
and bromo substituents of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) towards n-
butyllithium, the iodo substituents selectively underwent a halogen / metal exchange 
reaction to generate the biaryllithium intermediate. For the dilithiation reaction, it was 
generally recommended that 2.05 equivalents of n-butyllithium be used to ensure that the 
iodine atoms had reacted and avoid side reactions with the bromine atoms. The resulting 
mixture was stirred at this temperature for 2 additional hours to ensure complete 
conversion. Then dichlorodiphenylgermane was added in one portion by syringe. The 
reaction mixture was allowed to gradually warm to room temperature and stirred 
overnight. Any excess n-butyllithium was quenched with water. 
Characterization 
The 
1
H NMR spectrum of the 3,6-dibromo-9,9’-diphenylgermafluorene (3-7) 
exhibited a series of complex resonances for the aromatic protons at δ 8.02, 7.60, 7.53, 
7.48, 7.41 and 7.36. The most diagnostic feature indicating the formation of the 
heterocycle was the appearance of the resonance at δ 8.02 which was associated with the 
isolated proton between the bromo substituent and the five-membered ring (Figure 3-33). 
In a related silicon analog, 3,6-dibromo-9,9-dioctylsilafluorene, the resonance for the 
isolated proton was observed at δ 7.90.23 
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Figure 3-33: 
1
H NMR spectra of 9,9’-diphenyl-3,6-dibromogermafluorene (3-7) and the 
starting material, 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) 
 
The 
13
C{
1
H} NMR spectrum of (3-7) exhibited ten resonances all for aromatic 
carbons at δ 148.1, 137.1, 135.2, 134.7, 133.9, 131.5, 130.1, 128.8, 125.5, 125.4 (Figure 
3-34). The most diagnostic feature indicating the formation of the heterocycle was the 
appearance of the resonance at δ 148.1 which was associated with β-carbon of the central 
five-membered ring which occured in a distinct region of the spectrum. In a related 
silicon analog, 3,6-dibromo-9,9-dioctylsilafluorene, the resonance for the β-carbon of the 
central five-membered ring was observed at δ 149.1.23 
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Figure 3-34: 
13
C{
1
H} NMR spectra of 9,9’-diphenyl-3,6-dibromogermafluorene (3-7) 
and the starting material, 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) 
 
Crystal Structure. The 3,6-dibromo-9,9’-diphenylgermafluorene (3-7) was 
recrystallized using a dichloromethane / ethanol solvent system to yield X-ray quality 
crystals. The crystal system was monoclinic and the space group was P21/n. This was 
similar to the 2,7-dibromo-3,6-dimethoxy-9,9-diphenygermafluorene (3-3) that had a 
monoclinic crystal system and the space group was P21/c. Examination of the crystal 
structure suggested that the germanium containing central core was almost planar while 
the phenyl substituents at the 9,9-positions were oriented such that they were angled 
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directly above and below the plane of the germafluorene skeleton. (Figure 3-35). The 
exocyclic bond lengths were: Ge1-C9 and Ge1-C13 at 1.945(9) angstroms and 1.921(9), 
respectively. The bond lengths for the central five-membered ring were: Ge1-C1 
(1.963(9)), C1-C6 (1.37(1)), C6-C7 (1.50(1)),C7-C12 (1.40(1)), and C12-Ge1 (1.93(1)). 
 
Figure 3-35: Crystal structure of 3,6-dibromo-9,9’-diphenylgermafluorene (3-7) 
 
3.3.2.5   Synthesis of 3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9’-
diphenylgermafluorene (3-9) 
 
Equation 3-13 
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Preparation of 3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9’-
diphenylgermafluorene (3-9) 
The protocol used to prepare the diboronic ester (3-8) was attempted with the 3,6-
dibromo-9,9-diphenylgermafluorene (3-7) with some slight modifications (Equation 3-
13). In the initial attempt to prepare the diboronic ester (3-9) (Alternate Preparation 1), 
the tetrahydrofuran solution of 3,6-dibromo-9,9-diphenylgermafluorene (3-7) was stirred 
for 30 minutes at -78 °C after the addition of tert-butyllithium under inert conditions. 
After such time, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was slowly added 
drop-wise causing the color of the reaction mixture to lighten. The reaction mixture was 
allowed to gradually warm to room temperature and stirred overnight. The pale yellow 
suspension was quenched with water, extracted into diethyl ether, dried over MgSO4, and 
evaporated to yield a colorless oil. This procedure produced a mixture of the 3,6-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9’-diphenylgermafluorene (3-9) and 
a product which was not identified. No trace of the starting material, the 3,6-dibromo-9,9-
diphenylgermafluorene (3-7), was observed.  
The protocol was repeated a second time under similar reaction conditions; 
however, the solution of 3,6-dibromo-9,9-diphenylgermafluorene (3-7) was stirred for 
two hours at -78 °C after the addition of tert-butyllithium. This second attempt was to 
determine if the unidentified product was the result of not allowing the aryllithium 
species adequate time to form. Comparison of the spectra from the two attempts were 
very similar and it was determined that the additional time was not needed for the 
dilithiation step. Additional approaches were not attempted; however, a consideration for 
future work could be that the order of addition of the reagents may be significant for the 
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success in preparing the diboronic ester (3-9). It has been reported that addition of the 
organolithium reagent to a solution of the aryl bromide and the borate at low temperature 
has resulted in high yields in certain heterocycles.
39
 
Characterization 
Purification of the diboronic ester (3-9) was problematic. Attempts to purify the 
crude mixture by chromatography were unsuccessful. The crude reaction mixture was 
colorless and as a result, there were no distinctive bands on the column to aid in the 
separation process. Multiple columns were performed; however, the diboronic ester (3-9) 
and the unknown compound eluted very near to one another resulting in a mixture. 
Attempts to recrystallize the diboronic ester (3-9) using dichloromethane / ethanol as well 
as acetone were unsuccessful.  
The 
1
H NMR spectrum exhibited a single resonance for the diagnostic isolated 
proton between the boronate substituent and the five-membered ring at δ 8.51 which was 
assigned to the diboronic ester (3-9). If the starting material, the 3,6-dibromo-9,9-
diphenylgermafluorene (3-7), were present a resonance for this proton would have been 
observed as a doublet at δ 8.02. However, no such resonance was observable. It was 
initially speculated that the unidentified product may have been 9, 9-diphenyl 
germafluorene (Figure 3-36); however, the integration of the aromatic resonances does 
not support this proposal. If the mixture had consisted of the diboronic ester (3-9) and 
9,9-diphenylgermafluorene, then the integration of the aromatic region would have 
indicated 34 protons (Figure 3-37). The integration was consistent with only 27 protons. 
Whatever the unidentified product may be, it appears to be symmetrical and possesses 
200 
 
aromatic segments. A resonance which was assigned to the eight methyl groups of the 
boronates was observed at δ 1.40 which integrated for 24 protons (Figure 3-38).  
 
Figure 3-36: Molecular structure of 9,9’-diphenylgermafluorene 
 
 
Figure 3-37: Integration of the aromatic region for the mixture containing the diboronic 
ester (3-9) 
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Figure 3-38: 
1
H NMR spectrum for the mixture containing the diboronic ester (3-9) 
 
 
The 
13
C{
1
H} NMR spectrum exhibited a mixture of compounds as well as some 
residual solvent attesting to the difficulty experienced in attempting to purify the 
diboronic ester (3-9). The most diagnostic features that could be gained were the 
resonances at δ 84.0 and 25.0 which were assigned to the carbon bearing the methyl 
groups of the boronate and the methyl carbons respectively (The 
13
C {
1
H} NMR 
spectrum is located in the Appendix II).  
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3.3.2.6   Synthesis of 3,6-functionalized germafluorenes 
 
Equation 3-14 
 
Preparation of 3,6-functionalized germafluorenes 
The 3,6-functionalized germafluorenes were prepared using classical Sonogashira 
cross-coupling conditions in a manor similar to the 2,7-functionalized-germafluorenes 
(Equation 3-14).
11
 Two terminal alkynes, the commercially available 4-ethynyl-
trifluorotoluene and the prepared 4-(ethynylphenyl)diphenylamine (3-10), were coupled 
to the aryl bromide (3-7). Both of these substituents were selected for the investigations 
related to controlling the emission color within the 3,6-functionalized germafluorene 
series (Figure 3-4).  
Characterization 
The crude products were purified by column chromatography to yield very pale 
yellow to orange solids. The 3,6-bis((4-(trifluoromethyl)phenyl)ethynyl)-9,9-
diphenylgermafluorene (3-16) spectra are shown as a representative sample. The 
1
H 
NMR spectrum of (3-16) exhibited a series of complex overlapping resonances for the 
aromatic protons from δ 8.16 – 7.41. The most diagnostic feature indicating that the 
heterocycle survived the Sonogashira cross-coupling conditions was the resonance at δ 
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8.16 which was associated with the isolated proton between the bromo substituent and the 
five-membered ring (Figure 3-39). 
 
 
Figure 3-39: 
1
H NMR spectra of the 3,6-bis((4-(trifluoromethyl)phenyl)ethynyl)-9,9-
diphenylgermafluorene (3-16) and the starting material, 3,6-dibromo-9,9-
diphenylgermafluorene (3-7) 
 
The 
13
C{
1
H} NMR spectrum of (3-16) was more informative in that the 
resonances for the alkynyl carbons were in a distinct region of the spectrum appearing at 
δ 91.5 and 89.0. The resonance at δ 146.7 for the β-carbon of the central five-membered 
ring suggested that the heterocycle was intact. Another feature indicating the successful 
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coupling of the 4-ethynyl-trifluorotoluene with the heterocycle (3-7) included the 
resonance for the carbon of the trifluoromethyl group which was less well defined and 
appeared as a doublet of doublets at δ 130.0 reflecting the unique splitting pattern 
resulting from the coupling between the carbon and the fluorine atoms. The resonance for 
the ring carbon bearing the trifluoromethyl group also exhibited the unique splitting 
pattern from longer range coupling to the fluorine. The splitting pattern appeared as a 
quartet at δ 125.5 (Figure 3-40).  
 
Figure 3-40: 
13
C {
1
H} NMR spectra of the 3,6-bis((4-(trifluoromethyl)phenyl)ethynyl)-
9,9-diphenylgermafluorene (3-16) and the starting material, 3,6-dibromo-9,9-
diphenylgermafluorene (3-7) 
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An attempt to couple a third substituent in the series, the 2-(4-bromobenzylidene) 
malononitrile (3-12), using a modified Negishi cross-coupling method proved 
unsuccessful. The strategy to obtain the targeted involved the formation of a 3,6-dilithio 
intermediate through a halogen / metal exchange reaction. Subsequent addition of dried 
zinc chloride at 0 
o
C to the mixture to form the 3,6-dizinc intermediate which was then 
allowed to react with the aryl bromide, 2-(4-bromobenzylidene)malononitrile(3-12), in 
the presence of tetrakis(triphenylphosphine)palladium(0) to afford the 3,6-bis((4-
benzylidene)malononitrile)-9,9-diphenylgermafluorene (3-19) (Scheme 3-5). This 
procedure from the dilithiation to the cross-coupling reaction was performed in one pot.  
 
 
Scheme 3-5: Modified Negishi cross-coupling reaction used to obtain (3-18) 
 
 
Therefore, in order to incorporate the 9-(4-bromophenyl)-9H-carbazole (3-11) and 
2-(4-bromobenzylidene)malononitrile (3-12) substituents, a strategy to convert the 3,6-
dibromo-9,9-diphenylgermafluorene (3-7) to a 3,6-diethynyl-9,9-diphenylgermafluorene 
(3-20) was planned. The synthetic pathway involved the conversion of (3-7) to a 3,6-
bis((trimethylsilyl)ethynyl)-9,9-diphenylgermafluorene (3-19). The second phase of the 
synthetic pathway would involve the removal of the trimethylsilyl groups from the 3,6-
bis((trimethylsilyl)ethynyl)-9,9-diphenylgermafluorene (3-19) by stirring with potassium 
carbonate in a methanol solution at room temperature overnight (Scheme 3-6).
40   
The 3,6-
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bis((trimethylsilyl)ethynyl)-9,9-diphenylgermafluorene (3-19) was readily prepared using 
classical Sonogashira cross-coupling conditions in excellent yield (92 %).  
 
Scheme 3-6: Synthetic pathway for preparing the 3,6-diethynyl-9,9-diphenyl- 
germafluorene (3-20) 
 
Characterization 
The 
1
H NMR spectrum of (3-19) exhibited a series of complex resonances for the 
aromatic protons at δ 8.03, 7.68, 7.52 and 7.38. The most diagnostic feature indicating the 
survival of the heterocycle was the resonance at δ 8.03 which was associated with the 
isolated proton between the alkynyl substituent and the five-membered ring (Figure 3-
41). The resonance for the protons of the trimethylsilyl groups appeared as a singlet at δ 
0.28. This resonance integrated for 19 protons that was consistent with six methyl groups 
(Figure 3-41).  
The 
13
C{
1
H} NMR spectrum of (3-19) was more informative in that the 
resonances for the alkynyl carbons were in a distinct region of the spectrum appearing at 
δ 95.2 and 89.7. The resonance at δ 146.6 for the β-carbon of the central five-membered 
ring suggested that the heterocycle was intact. Another feature indicating the successful 
coupling of the alkyne was the carbon resonance of the trimethylsilyl groups at δ 0.14 
(Figure 3-42). 
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Figure 3-41: 
1
H NMR spectra of the 3,6-bis((trimethylsilyl)ethynyl)-9,9-
diphenylgermafluorene (3-19) and the starting material, 3,6-dibromo-9,9-
diphenylgermafluorene (3-7) 
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Figure 3-42: 
1
H NMR spectrum of the 3,6-bis((trimethylsilyl)ethynyl)-9,9-
diphenylgermafluorene (3-19) 
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Figure 3-43: 
1
H NMR spectra of the 3,6-bis((trimethylsilyl)ethynyl)-9,9-
diphenylgermafluorene (3-19) and the starting material, 3,6-dibromo-9,9-
diphenylgermafluorene (3-7) 
 
The 3,6-diethynyl-9,9-diphenylgermafluorene (3-20) has not been prepared yet. Once the 
3,6-diethynyl-9,9-diphenylgermafluorene (3-20) is prepared, classical Sonogashira cross-
coupling conditions should allow incorporation of the final two substituents, 9-(4-
bromophenyl)-9H-carbazole (3-11) and 2-(4-bromobenzylidene) 
malononitrile (3-12). 
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3.4   Summary and Future Work 
The information contained within this chapter reflects the synthetic endeavors of 
preparing two series of disubstituted germafluorenes:  a 2,7-disubstituted-3,6-dimethoxy-
9,9’-diphenyl and a 3,6- disubstiuted-9,9’-diphenyl. The original vision of this work 
encompassed developing synthetic pathways for incorporating features of molecules that 
exhibit AIE, a photophysical property that enables high fluorescence efficiency in solid 
state phases whether as aggregates, amorphous powders, or crystals.  
In order to realize this vision, several precursor compounds that could function as 
building blocks had to be prepared. The synthetic challenges associated with preparing 
the organic frameworks into which the substituted germanium was incorporated were 
significant. The development of the much needed dibromo precursors was hindered by 
the lack of reproducible and efficient synthetic protocols for the organic compounds 
which were used to construct the framework. Hence, one of the objectives of this work 
was to establish reliable processes for preparing not only the germanium heterocycles, 
but the organic compounds needed to construct the basic skeletons of these derivatives. 
This was accomplished by successfully synthesizing the dibromo analog, (3-3) and (3-7), 
in both series. Additionally, the precursor compound, 3,6-trimethylsilylgermafluorene (3-
19) has been prepared in high yield and can easily be converted to a 3,6-diethynyl-9,9-
diphenylgermafluorene (3-20). These three heterocycles can be functionalized using 
classical Sonogashira cross-coupling conditions which should allow incorporation of a 
variety of substituents for future investigations in the electronic and photophysical 
properties. 
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Although the preparation of functionalized monomers was realized at the later 
stages of this work, several investigations into the optical and electrical properties were 
conducted. The initial monomers are strong blue light-emitting molecules that have 
demonstrated high fluorescence efficiency in solution, high stability, resistance to 
photobleaching, and solid state emission. Hence, the alteration of the peripheral 
functional groups which adorn these frameworks is worth investigating to gage whether 
or not the color of the emission can be adjusted. These investigations are currently 
ongoing and although this information cannot be included in this chapter, efforts are 
being made to publish this data.  
3.5   Experimental 
General 
All experiments were conducted under an argon atmosphere using Schlenk 
techniques. Glassware was oven or flame dried prior to use. Solvents were dried by 
standard methods and freshly distilled under argon prior to use. Diethyl ether and 
tetrahydrofuran were distilled from sodium and 9-fluorenone. Toluene was distilled from 
molten sodium. Dichloromethane, pentane, and hexane were distilled from calcium 
hydride. 
All NMR spectra were collected on a Bruker ARX-500 MHz (
1
H recorded at 500 
MHz and 
13
C at 126 MHz) or on a Bruker Advance-300 MHz (
1
H recorded at 300 MHz,  
13
C at 75 MHz, and 
 19
F at 282 MHz)  at ambient temperature unless otherwise noted. 
Peak positions of the solvents were used as the reference for 
1
H NMR data (7.26 ppm, 
CDCl3; 7.16 ppm, C6D6) and the 
13
C{
1
H} data (77.16 ppm, CDCl3; 128.04 ppm, C6D6).  
Chloroform-d and benzene-d6 were purchased from Cambridge Isotopes, Inc., and stored 
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over activated molecular sieves. Chemical shifts (δ) are reported in ppm and coupling 
constants (J) in Hertz. The following abbreviations are used: singlet (s), doublet (d), 
triplet (t), quartet (q), doublet of doublets (dd), and multiplet (m). Elemental analyses 
were performed by Atlantic Microlab, Inc, Norcross, GA. Mass spectral data were 
collected on a Hewlett Packard Model 5988A GC/MS instrument equipped with a RTE-A 
data system. Gas chromatographic separations were obtained on a Shimadzu GC-14A gas 
chromatograph, using a J & W Scientific 20-m X 0.25 micron, DB-5 column and a 
temperature program from 60 to 320 
o
C, isotherm at 60 
o
C/2 minutes, and then ramped at 
20 
o
C/ minute with the injector temperature at 275 
o
C and the detector temperature at 350 
o
C. Integrations were recorded on a Shimadzu C-R8A Chromatopac integrator and are 
uncorrected. A JEOL M Station-JMS 700 mass spectrometer was used to obtain high 
resolution mass spectra by fast atom bombardment (FAB) or (EI) conditions, using 3-
nitrobenzyl alcohol (NBA) as a matrix and toluene as a solvent. X-ray intensity data were 
measured using a Bruker Apex II diffractometer equipped with a CCD area detector. 
Melting point determinations were obtained on a Mel-Temp melting point apparatus and 
are uncorrected.  UV-vis and fluorescence spectra were measured on a Cary 50 Bio UV-
visible and Cary Eclipse Fluorescence spectrophotometer respectively.  Emission spectra 
were measured using the λmax value for each compound as determined by the absorption 
spectra. 
The following reagents were purchased from SigmaAldrich or Acros and were 
used without further purification: copper sulfate pentahydrate, o-dianisidine, acetic acid, 
n-butyllithium, chloroform, 2-isoproproxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, tert-
butyllithium (1.7 M in pentane), 4-ethynyl-trifluorotoluene, 4-ethynylbiphenyl, 1,2-
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dibromobenzene, iron(0),  diisopropylamine, diphenylamine, 1-bromo-4-iodobenzene, 
sodium tert-butoxide, triethylamine, trimethylsilylacetylene, 4-bromobenzaldehyde, 
malononitrile, piperidine, diphenylmethane, 4-bromobenzophenone, and  p-
toluenesulfonic acid monohydrate. The diphenyldichlorogermane was purchased from 
Gelest and was used without further purification. 
2,7-Disubstituted Germafluorenes 
Synthesis of Copper (I) bromide
30 
A solution of copper sulfate pentahydrate (100 g, 401 mmol) and sodium bromide (58.4 
g, 568 mmol) in water (333 mL) was gently heated. Sodium sulfite (25.2 g, 200 mmol) 
was added to the warm solution over a period of 10 minutes. The dark green color of the 
solution diminished with the addition of sodium sulfite.  Additional sodium sulfite (10 g) 
was added over a period of twenty20 minutes until the reaction mixture was colorless. 
Once a colorless reaction mixture was achieved, the solution was heated for an additional 
30 minutes during which time a white solid precipitated. After cooling to room 
temperature, the white solid was collected by filtration, washed with water, and dried 
(27.5 g, 48 %).            
Synthesis of 4,4'-dibromo-3,3'-dimethoxybiphenyl
22 
 (3-1) 
 (3-1) 
o-Dianisidine (3.0 g, 12.3 mmol) was dissolved in a solution of 40 % hydrobromic acid 
(12 mL), water (48 mL), and acetonitrile (48 mL) which had been heated to 45 °C. The 
purple solution was cooled to 0 °C and sodium nitrite (1.95 g, 28.2 mmol) in cold water 
(10 mL) was added rapidly drop-wise, with stirring, over a period of five minutes. The 
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temperature was maintained between 0 - 2 °C throughout the addition. Once the addition 
was complete, the reaction mixture was stirred for two hours at this temperature. After 
two hours, copper (I) bromide (4.05 g, 28.2 mmol) dissolved in 48% hydrobromic acid 
(48 mL) was added drop-wise to the cold diazonium solution such that the temperature 
did not exceed 5 °C over a period of  twenty to thirty minutes. After the addition of the 
copper (I) bromide was complete, the ice bath was removed and the dark purple reaction 
mixture was allowed to gradually warm to room temperature (ca. one hour). Upon 
reaching room temperature, the mixture was gradually heated to 65 °C using an oil bath 
over a period of two hours and then heated at 65 °C overnight. The dark purple mixture 
was poured into a separatory funnel and extracted with chloroform. Water was added and 
the layers were separated. The dark purple reaction mixture was dried over magnesium 
sulfate. After filtering, the volume was reduced by rotary evaporation. The crude product 
was purified by chromatography (silica gel, ethyl acetate / hexane 1/8) to yield (3-1) as a 
colorless solid (4.08 g, 89%). mpt 159-161
o
C (lit., 162-163 
o
C).
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1
H NMR (500 MHz, 
CDCl3): δ 7.59 (d, J = 8.0 Hz, 2H), 7.04 (d, J = 1.9 Hz, 2H), 7.02 (dd, J = 8.0, 2.0 Hz, 
2H), 3.97 (s, 6H).  
13
C{
1
H} NMR (126 MHz, CDCl3): δ 156.3, 141.4, 133.7, 120.7, 
111.5, 110.9, 56.5. Appendix II: 44-45. 
Alternate Preparation (1) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
o-dianisidine (2.50 g, 10.2 mmol) was dissolved in a solution of 40 % hydrobromic acid 
(8 mL), water (40 mL), and acetonitrile (40 mL) which had been heated to 45 °C. The 
purple solution was cooled to 0 °C and sodium nitrite (1.84 g, 26.6 mmol) in cold water 
(4 mL) was added drop-wise with stirring over a period of twenty minutes. The 
temperature was maintained at -2 °C throughout the addition. Once the addition was 
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complete, the copper (I) bromide (3.30 g, 23.0 mmol) dissolved in 48% hydrobromic acid 
(33 mL) was added in 0.5 mL increments to the cold diazonium solution over a period of  
thirty minutes.  After the addition of the copper (I) bromide was complete, the ice bath 
was removed and the dark purple reaction mixture was warmed to room temperature (ca. 
half hour).  Upon reaching room temperature, the mixture was heated at 45 °C using an 
oil bath.  The evolution of nitrogen was monitored using an oil bubbler connected to a 
Schenk line.  The heated was gradually increased to 90 
o
C, and subsequently heated for a 
total time of five hours. The dark purple mixture was poured into a separatory funnel and 
extracted with chloroform. Water was added and the layers were separated. The dark 
purple reaction mixture was dried over magnesium sulfate. After filtering, the volume 
was reduced by rotary evaporation. The crude product was purified by chromatography 
(silica gel, ethyl acetate / hexane 1/8) to yield (3-1) as a colorless solid (1.88 g, 49%). 
Alternate Preparation (2) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
Similar equivalents of the reagents and reaction conditions were used as stated in 
Alternate Preparation (1) except for the following modification. The temperature of the o-
dianisidine solution was lowered to -10 °C. The temperature was maintained between -8 
to - 10 °C throughout the addition of the sodium nitrite. Once the addition was complete, 
the reaction mixture was stirred for thirty minutes at this temperature. Only a trace 
amount of (3-1) detected by GC-MS analysis. Isolation of the product was not attempted. 
Alternate Preparation (3) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
Similar equivalents of the reagents and reaction conditions were used as stated in 
Alternate Preparation (1) except for the following modification. The temperature of the o-
dianisidine solution was lowered to 3 °C. The temperature was maintained below10 °C 
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throughout the addition of the sodium nitrite. Once the addition was complete, the 
reaction mixture was stirred for thirty minutes at this temperature. Only a trace amount of 
(3-1) detected by GC-MS analysis. Isolation of the product was not attempted. 
Alternate Preparation (4) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
Similar equivalents of the reagents and reaction conditions were used as stated in 
Alternate Preparation (1) except for the following modification. The copper (I) bromide 
solution was added to the cold diazonium solution over a period of 10 minutes with 
vigorous stirring. After the addition of the copper (I) bromide was complete, the ice bath 
was removed and the dark purple reaction was allowed to warm to room temperature. 
Upon reaching room temperature, the mixture was gradually heated to 90 °C using an oil 
bath. When the evolution of nitrogen was no longer apparent, the heating was 
discontinued. The reaction mixture was heated for a total time of 7 hours. The crude 
product was purified by chromatography (silica gel, ethyl acetate / hexane 1/8) to yield 
(3-1) as a colorless solid (1.18 g, 31%). 
Alternate Preparation (5) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
o-Dianisidine (1.0 g, 4.09 mmol) was dissolved in a solution of 40 % hydrobromic acid 
(4 mL), water (16 mL), and acetonitrile (16 mL) which had been heated to 45 °C. The 
purple solution was cooled to 0 °C and sodium nitrite (0.764 g, 10.6 mmol) in cold water 
(1.5 mL) was added drop-wise with stirring over a period of 15 minutes. The temperature 
was maintained between 0 - 1 °C throughout the addition. Once the addition was 
complete, the reaction mixture was stirred for 30 minutes at this temperature. A solution 
of copper (I) bromide (1.32 g, 9.21 mmol) dissolved in 48% hydrobromic acid (16 mL) 
was cooled to 0 °C. The cold diazonium solution was then added in 1-2 mL increments 
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over a period of 30 minutes with vigorous stirring. The temperature was maintained 
between 0 - 1 °C throughout the addition. Once the addition was complete, the yellowish 
brown solution was stirred for 20 minutes at 0 °C before being allowed to warm to room 
temperature. Upon reaching room temperature, the reaction mixture was heated at 50 °C 
for 2.5 hours. No evolution of nitrogen was evident so the temperature was increased to 
65 °C. The reaction mixture was heated at this temperature for 5 hours at which point the 
evolution of nitrogen had ceased. Only a trace amount of (3-1) detected by GC-MS 
analysis. Isolation of the product was not attempted. 
Alternate Preparation (6) of 4,4'-dibromo-3,3'-dimethoxybiphenyl (3-1) 
o-Dianisidine (1.0 g, 4.09 mmol) was dissolved in a solution of 40 % hydrobromic acid 
(4 mL), water (16 mL), and acetonitrile (16 mL) which had been heated to 45 °C. The 
purple solution was cooled to 0 °C and sodium nitrite (0.734 g, 10.6 mmol) in cold water 
(1.5 mL) was added drop-wise with stirring over a period of 5 minutes. The temperature 
was maintained between 0 to 2 °C throughout the addition. Once the addition was 
complete, the reaction mixture was stirred for 1 hour at this temperature. Then the copper 
(I) bromide (1.32 g, 9.21 mmol) dissolved in 48% hydrobromic acid (16 mL) was added 
dropwise to the cold diazonium solution such that the temperature did not exceed 5 °C 
over a period of 40 minutes. After the addition of the Copper (I) bromide was complete, 
the ice bath was removed and the dark purple reaction was warmed to room temperature 
(ca. one hour). Upon reaching room temperature, the mixture was heated at 65 °C using 
an oil bath overnight. The crude product was purified by chromatography (silica gel, 
ethyl acetate / hexane 1/8) to yield (3-1) as a colorless solid (1.18 g, 77 %). 
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Synthesis of 4,4'-dibromo-6,6'-diiodo-3, 3'-dimethoxybiphenyl
22 
 (3-2) 
 (3-2) 
A mixture of  4,4-dibromo-3,3-dimethoxybiphenyl (2.21 g, 5.94 mmol), potassium iodate 
(0.559 g, 2.61 mmol), iodine (1.66 g, 6.53 mmol), and 20% sulfuric acid (4.43 mL, 83 
mmol) in acetic acid (45 mL) was heated at 80 °C overnight (ca.18 hours). The reddish 
orange reaction mixture was allowed to cool to room temperature. Water (60 mL) was 
added and the reaction mixture was stirred for 10 minutes. The orange precipitate was 
collected, dissolved in chloroform (70-75 mL), and washed with aqueous Na2S2O3. The 
clear yellow solution was washed with brine, dried over MgSO4, and evaporated to 
dryness. The residue was purified by chromatography (silica gel, dichloromethane / 
hexane 1/2) to give (3-2) as a white solid (3.59 g, 97%). Recrystallization using 
dichloromethane / hexane yielded (3-2) as colorless crystals. mpt 185-187 
o
C. 
1
H NMR 
(500 MHz, CDCl3): δ 8.05 (s, 2H), 6.72 (s, 2H), 3.88 (s, 6H). 
13
C{
1
H} NMR (126 MHz, 
CDCl3): δ 156.2, 148.3, 142.2, 113.4, 112.5, 87.7, 56.6. HRMS (EI): m/z calcd for 
C14H10Br2I2O2 621.7100, found: 621. 7087. Appendix II: 46-47. 
Synthesis of 2,7-dibromo-3,6-dimethoxy-9,9-diphenyl-germafluorene
22 
 (3-3) 
 (3-3) 
To a solution of 4,4-dibromo-6,6-diiodo-3,3-dimethoxybiphenyl (1.35 g, 2.17 mmol) in 
dry tetrahydrofuran (22 mL) was added n-butyllithium (2.98 mL, 4.78 mmol, 1.6 M in 
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hexane) drop-wise at -90 °C over a period of 30 minutes under argon. After the addition 
was complete, the yellow reaction mixture was stirred for an additional 2 hours at -90 °C.  
Then dichlorodiphenylgermane (0.910 mL, 4.34 mmol) was added in one portion by 
syringe. Once the addition was complete, the reaction mixture was allowed to gradually 
warm to room temperature and was stirred for 30 minutes. The reaction mixture was 
gently refluxed for 6 hours when heating was discontinued. After cooling to room 
temperature the mixture was stirred overnight. The yellow reaction mixture was 
quenched with a saturated solution of ammonium chloride (20 mL). The product was 
extracted into chloroform (35 mL), washed with brine, dried over MgSO4, and 
evaporated to dryness. The residue was purified by chromatography (silica gel, 
dichloromethane / hexane 1/1) to give (3-3) as a very pale yellow solid (0.787 g, 61%). 
Recrystallization with dichloromethane / ethanol yielded (3-3) as yellow crystals. mpt 
265 
o
C. 
1
H NMR (500 MHz, CDCl3): δ 7.84 (s, 2H), 7.55 (dd, J = 7.8, 1.4 Hz, 4H), 7.44 
– 7.35 (m, 8H), 4.05 (s, 6H). 13C{1H} NMR (126 MHz, CDCl3): δ 157.8, 147.4, 137.9, 
134.7, 134.2, 131.5, 130.0, 128.8, 112.9 , 105.9, 56.5. HRMS (EI): m/z calcd for 
C26H20Br2 GeO2, 595.9000, found: 595.9031. Appendix I: 21-22; Appendix II: 48-49. 
Attempted synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-3,6-
dimethoxy-9,9’-diphenylgermafluorene (3-8) 
(3-8) 
2,7-Dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (0.100 g, 0.168 mmol) was 
dissolved in dry tetrahydrofuran (1.5 mL), flushed with argon, and cooled to -78 °C. Tert-
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butyllithium (0.41 mL, 0.704 mmol, 1.7 M in pentane) was added drop-wise over a 
period of 10 minutes. After the addition was complete, the brownish yellow solution was 
stirred for 2 hours at -78 °C. Then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(0.090 mL, 0.419 mmol) was added in one portion by syringe. The greenish brown 
reaction mixture was allowed to gradually warm to room temperature and stirred 
overnight. The pale yellow suspension was quenched with water (2 mL), extracted with 
diethyl ether, dried over MgSO4, and evaporated to dryness. The product (3-8) was not 
obtained. Instead a mixture of the starting material, 2,7-dibromo-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-3) and 2,7-dimethoxy-9,9-diphenylgermafluorene (3-13) were 
obtained.  
NMR data for the byproduct that formed during the attempted synthesis of (3-8): 
2,7-dimethoxy-9,9-diphenylgermafluorene (3-13) 
 (3-13) 
1
H NMR (500 MHz, CDCl3): δ 7.98 (s, 4H), 7.84 (s, 2H), 7.56 – 7.53 (m, 5H), 7.50 (s, 
4H), 7.45 – 7.36 (m, 12H), 7.27 (s, 4H), 4.06 (s, 12H), 4.06 (s, 6H), 0.08 (s, 22H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 153.9, 135.2, 133.7, 133.1, 128.3, 127.1, 112.3, 
103.7, 56.8. Appendix II: 50-51. 
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Representative preparation for the 2,7-disubstituted-3,6-dimethoxy-9,9-
diphenylgermafluorenes: Synthesis of 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-
3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
(3-14) 
2,7-Dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (0.32 g, 0.54 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.062 g, 0.054 mmol), and copper (I) iodide 
(0.021 g, 0.11 mmol) were added to a flask and purged under argon. Then degassed 
distilled piperidine (6.2 mL, 63 mmol) and followed by degassed 4-ethynyl-
trifluorotoluene (0.26 mL, 1.6 mmol) were added by syringe. The reaction mixture was 
stirred at 80 °C overnight. After cooling to room temperature, bulk hexane (5 mL) was 
added to precipitate the ammonium salts. The suspension was filtered through a silica gel 
plug. The crude product was further purified by chromatography (silica gel, hexane / 
ethyl acetate 8/1) to yield (3-14) as a yellow solid (0.155 g, 37 %). mpt 300 
o
C. 
1
H NMR 
(500 MHz, CDCl3): δ 7.87 (s, 2H), 7.65 (d, J = 8.2 Hz, 4H), 7.61 – 7.57 (m, 9H), 7.44 – 
7.36 (m, 9H), 4.10 (s, 6H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 162.4, 148.9, 138.7, 
134.8, 134.5, 131.9, 130.5, 130.0, 129.9 (q, J = 32.5 Hz), 128.8, 127.5, 125.4 (dd, J = 7.4, 
3.6 Hz), 123.0, 112.6, 104.8, 93.6, 88.8, 56.2.  
19
F{
1
H} NMR (282 MHz, CDCl3): δ 62.8. 
Appendix I: 23-24; Appendix II: 52-55. 
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2,7-bis((4-(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15) 
(3-15) 
Germafluorene (3-15) was obtained as a component in an inseparable mixture. NMR data 
for the mixture which was obtained as a yellow-orange solid:  
1
H NMR (500 MHz, 
CDCl3): δ 7.86 (d, J = 3.4 Hz, 4H), 7.64 – 7.56 (m, 27H), 7.47 – 7.34 (m, 30H), 4.08 (d, J 
= 15.5 Hz, 14H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 162.2, 157.7, 140.9, 140.5, 138.6, 
134.8, 134.4, 132.2, 129.9, 129.0, 128.8, 127.1, 127.1, 108.9, 106.1, 94.8, 89.8, 56.5, 
56.2. Appendix I: 25-26; Appendix II: 56-59. 
3,6-Disubstituted Germafluorenes 
Synthesis of 2,2'-dibromobiphenyl
23
 (3-4) 
(3-4) 
A solution of 1,2-dibromobenzene (6.33 mL, 53.1 mmol) in dry THF (95 mL) was cooled 
to  -78 °C under argon. n-Butyllithium (17.5 mL, 28.0 mmol, 1.6 M in hexanes) was 
slowly added drop-wise over a period of 1 hour such that the change in temperature did 
not exceed 5 °C. The reaction mixture was allowed to gradually warm to room 
temperature and stirred overnight. The following day, the brownish yellow reaction 
mixture was cooled to 0 °C. A saturated solution of ammonium chloride (1.50 g, 28.0 
mmol) was slowly added dropwise over a period of 45 minutes. The greenish yellow 
filtrate was decanted into a clean Erlenmeyer flask. The LiBr salts were reserved, 
dissolved in water (40 mL) and washed twice with diethyl ether. The organic layers were 
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combined and dried over MgSO4. After filtering, the solution was concentrated on a 
rotary evaporator to yield a brownish yellow viscous oil. Ethyl alcohol (20 mL) was 
added to the oil and the mixture was shaken vigorously resulting in the formation of a 
light orange precipitate. The solid was filtered and washed with cold ethanol to yield an 
off white crystalline solid (3-4). The orange filtrate was condensed  to yield an orange oil. 
Ethanol was added to this oil and the mixture was shaken vigorously to yield a second 
crop of (3-4). Cooling the mixture aided precipitation. Recrystallization in ethanol 
afforded off white crystals of (3-4) (6.93 g, 79% yield). mp. 80 – 81 ºC (lit., 79-80 ºC)41.  
1
H NMR (600 MHz, CDCl3): δ 7.68 (dd, J = 7.9, 1.2 Hz, 2H), 7.39 (td, J = 7.5, 1.2 Hz, 
2H), 7.29 – 7.26 (m, 3H), 7.25 (d, J = 1.7 Hz, 1H). 13C{1H} (151 MHz, CDCl3): δ 142.2, 
132.7, 131.1, 129.5, 127.3, 123.7.  HRMS (EI): m/z calcd for C12H8Br2 310.8992, found: 
311.8980. Appendix II: 60-61. 
Synthesis of 2,2'-Diiodobiphenyl
23
  (3-5) 
(3-5) 
 A solution of 2,2'-dibromobiphenyl (1.00 g, 3.21 mmol) in dry diethyl ether (5 mL) was 
cooled to  -78 °C under Ar. n-Butyllithium (4.55 mL, 7.28 mmol, 1.6 M in hexanes) was 
slowly added drop-wise over a period of 20 minutes such that the change in temperature 
did not exceed 5 °C. After the addition was complete, the reaction mixture was allowed 
to gradually warm to room temperature and stirred overnight. The following day, the 
yellow reaction mixture was cooled to 0 °C. A degassed solution of iodine (1.85 g, 7.28 
mmol) in dry diethyl ether (8 mL) was added drop-wise at 0 °C over a period of 45 
minutes. The resulting brownish purple solution was allowed to warm to room 
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temperature and stirred for an additional 2 hours. The solution was quenched with sodium 
thiosulfate (1.52 g, 9.62 mmol in 90 mL water). The crude product was extracted into 
diethyl ether, dried over anhydrous MgSO4, filtered, and evaporated to dryness. The 
crude product was filtered through a silica gel plug to yield (3-5) as a light orange solid. 
Recrystallization in hexane afforded off white crystals of (3-5) (0.97 g, 74% yield). mpt. 
108 – 109 ºC (lit., 109-110 ºC)20.  1H NMR (600 MHz, CDCl3): δ 7.95 (dd, J = 8.0, 0.8 
Hz, 2H), 7.42 (td, J = 7.5, 1.1 Hz, 2H), 7.20 (dd, J = 7.6, 1.5 Hz, 2H), 7.09 (td, J = 7.8, 
1.6 Hz, 2H).  
13
C{
1
H } NMR (151 MHz, CDCl3): δ 149.1, 139.0, 130.1, 129.5, 128.2, 
99.8. HRMS (EI): m/z calcd for C12H8I2 405.8716, found: 405.8716. Appendix II: 62-63. 
5,5’-dibromo-2,2'-diiodobiphenyl23  (3-6) 
 
 (3-6) 
 
 
To a solution of purified 2,2'-diiodobiphenyl (0.500 g, 1.23 mmol) in dry chloroform (10 
mL) was added iron powder (0.010 g, 0.179 mmol) and then bromine using a 
microsyringe (0.254 mL, 4.93 mmol) under argon. The red solution was heated between 
47.5 - 49 °C for 1 hour. The hot reaction mixture was carefully quenched with a saturated 
solution of sodium thiosulfate (1.57 g, 9.91 mmol) to yield a pale yellow solution.  The 
crude product was extracted into dichloromethane, dried over MgSO4, filtered, and 
evaporated to dryness. The off white solid was washed with dichloromethane (1-2 mL). 
The orange-brown filtrate was separated from the white powder. The orange-brown 
filtrate was evaporated to dryness and washed with dichloromethane (1-2 mL) to yield 
another crop of white powder. This process was repeated until no more white powder was 
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obtained. The title compound (3-6) was obtained as a white powder (combined solid, 
0.371 g, 53 %). mpt. 196 - 198 ºC (lit., 198 - 200 ºC)
23
.  
1
H NMR (600 MHz, CDCl3): δ 
7.78 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 2.2 Hz, 2H), 7.24 (dd, J = 8.5, 2.3 Hz, 2H).  
13
C{
1
H} NMR (151 MHz, CDCl3): δ 149.4, 140.5, 133.0, 132.8, 122.5, 97.4. HRMS (EI): 
m/z calcd for C12H6Br2I2, 561.6926, found: 561.6930. Appendix II: 64-65. 
Alternate Preparation (1) of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) 
 
To a solution of 2,2'-diiodobiphenyl (0.824 g, 2.03 mmol) in dry chloroform (17 mL) was 
added iron powder (0.016 g, 0.294 mmol) and bromine (0.418 mL, 8.12 mmol) under 
argon. The red solution was heated at 50 °C overnight. The reaction mixture was cooled 
to room temperature and quenched with a saturated solution of sodium thiosulfate (1.28 
g, 8.12 mmol) to yield a pale yellow solution. The crude solution was filtered through a 
silica gel plug to remove the iron by-products using dichloromethane.  The crude product 
was dried over MgSO4, filtered, and evaporated to dryness to yield a brown solid.  The 
brown solid was washed with dichloromethane (1-2 mL), separated from the orange-
brown filtrate, and dried to yield (3-6) as an off white solid (0.171 g, 15 %). 
Alternate Preparation (2) of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) 
To a solution of 2,2'-diiodobiphenyl (0.500 g, 1.23 mmol) in dry chloroform (10 mL) was 
added iron (0.010 g, 0.179 mmol) and bromine (0.254 mL, 4.93 mmol) under argon. The 
mixture was stirred at room temperature for ca. 2 hours and then transferred to a 
preheated oil bath. The red solution was heated between 38 - 40 °C for 6 hours during 
which time the reaction progress was monitored by GC. The reaction mixture was cooled 
to room temperature and quenched with a saturated solution of sodium thiosulfate (1.57 
g, 9.91 mmol). The crude product was extracted into dichloromethane to yield a pale 
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yellow solution which was dried over MgSO4, filtered, and evaporated to dryness. The 
crude solid was washed with dichloromethane (1-2 mL), separated from the orange-
brown filtrate, and dried to yield (3-6) as an off white solid (0.066 g, 10 %).   
Alternate Preparation (3) of 5,5’-dibromo-2,2’-diiodobiphenyl (3-6) 
 
To a solution of 2,2'-diiodobiphenyl (6.49 g, 16.0 mmol) in dry chloroform (134 mL) was 
added iron powder (0.129 g, 2.32 mmol) and bromine (3.09 mL, 59.9 mmol) under argon. 
The mixture was stirred at room temperature for ca. 20 minutes and then transferred to a 
preheated oil bath. The red solution was heated between 38 - 40 °C for 6 hours during 
which time the reaction progress was monitored by GC. The reaction mixture was cooled 
to room temperature and quenched with a saturated solution of sodium thiosulfate (50 
mL). The crude product was extracted into dichloromethane to yield a pale yellow 
solution which was dried over MgSO4, filtered, and evaporated to dryness. The crude 
solid was washed with dichloromethane (1-2 mL), separated from the orange-brown 
filtrate, and dried to yield (3-6) as an off white solid (1.85 g, 20 %). 
Synthesis of 3,6-Dibromo-9,9’-Diphenyl Germafluorene  (3-7) 
 (3-7) 
To a solution of 5,5-dibromo-2,2-diiodobiphenyl (1.01 g, 1.79  mmol) in dry 
tetrahydrofuran (17.8 mL) was added drop-wise n-butyllithium (3.91 mL, 6.26 mmol, 1.6 
M in hexanes) at -90°C over a period of 10-15 minutes under argon. The resulting orange 
mixture was stirred at this temperature for 2 additional hours. Then 
dichlorodiphenylgermane (0.753 mL, 3.59 mmol) was added in one portion by syringe. 
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The reaction mixture was allowed to warm to room temperature and stirred overnight. 
The yellow solution was quenched with distilled water (4 mL) and extracted into diethyl 
ether. The pale yellow organic layer was washed with brine, dried over MgSO4. After 
filtering, the volume was reduced by rotary evaporation. The crude product was purified 
by chromatography (silica gel, hexane) to yield (3-7) as a colorless solid (0.4916 g, 51%). 
Recrystallization using chloroform / ethanol or dichloromethane / hexane yielded (3-7) as 
colorless crystals. mpt. 250-251 
o
C. 
1
H NMR (500 MHz, CDCl3): δ 8.02 (d, J = 1.7 Hz, 
2H), 7.60 (d, J = 7.6 Hz, 2H), 7.54 – 7.51 (m, 4H), 7.48 (dd, J = 7.6, 1.7 Hz, 2H), 7.43 – 
7.39 (m, 2H), 7.39 – 7.34 (m, 4H). 13C{1H} NMR (126 MHz, CDCl3): δ 148.1, 137.1, 
135.2, 134.7, 133.9, 131.5, 130.1, 128.8, 125.5, 125.4. Appendix I: 27-28; Appendix II: 
66-67. 
3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9-diphenylgermafluorene (3-
9) 
(3-9) 
3,6-dibromo-9,9-diphenylgermafluorene (0.155 g, 0.288 mmol) was dissolved in dry 
tetrahydrofuran (1.6 mL), flushed with argon, and cooled to -78 °C. Tert-butyllithium 
(0.738 mL, 1.18 mmol, 1.7 M in pentane) was added drop-wise over a period of 10 
minutes. After the addition was complete, the brown-yellow solution was stirred for 2 
hours at -78 °C. Then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.147 mL, 
0.720 mmol) was added in one portion by syringe. The green-brown reaction mixture was 
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allowed to gradually warm to room temperature and stirred overnight. The pale yellow 
suspension was quenched with water (2 mL), extracted withinto diethyl ether, dried over 
MgSO4, and evaporated to dryness. The crude product was purified by chromatography 
(silica gel, hexane / ethyl acetate (6 / 1)) to yield (3-9) as a colorless oil as part of a 
mixture. 
1
H NMR (500 MHz, CDCl3): δ 8.51 (s, 1H), 7.83 – 7.78 (m, 3H), 7.62 – 7.56 
(m, 4H), 7.40 – 7.31 (m, 7H), 1.40 (s, 14H).  13C {1H} NMR (126 MHz, CDCl3): δ 146.6, 
141.7, 137.7, 135.0, 134.8, 134.4, 133.8, 133.2, 130.1, 129.7, 128.6, 128.1, 122.3, 84.0, 
25.0. Appendix II: 68-69. 
Alternate Preparation (1) of 3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-
9,9-diphenylgermafluorene (3-9) 
3,6-dibromo-9,9-diphenylgermafluorene (0.206 g, 0.384 mmol) was dissolved in dry 
tetrahydrofuran (2 mL), flushed with argon, and cooled to -78 °C. Tert-butyllithium 
(0.985 mL, 1.57 mmol) was added dropwise over a period of ten minutes. After the 
addition was complete, the brown-yellow solution was stirred for 30 minutes at -78 °C. 
After such time, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.196 mL, 0.961 
mmol) was slowly added dropwise during which time the color of the reaction mixture  
lightened. The reaction mixture was allowed to gradually warm to room temperature and 
stirred overnight. The pale yellow suspension was quenched with water (2 mL), extracted 
with diethyl ether, dried over MgSO4, and evaporated to dryness. The crude product was 
purified by chromatography (florisil, hexane) to yield (3-9) as a colorless oil in an 
inseparable mixture. 
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Synthesis of 3,6-bis((4-(trifluoromethyl)phenyl)ethynyl)-9,9-diphenylgermafluorene 
(3-16) 
 (3-16) 
3,6-dibromo-9,9-diphenylgermafluorene (0.100 g, 0.186 mmol), 
tetrakis(triphenylphosphine)palladium(0) (8.61 mg, 7.45 µmol), and copper (I) iodide 
(2.84 mg, 0.015 mmol) were added to a flask and purged under Ar. Then degassed 
diisopropylamine (2 mL) and dry tetrahydrofuran (1 mL) were added by syringe. Finally, 
degassed 4-ethynyl-trifluorotoluene (0.091 mL, 0.559 mmol) was added in one portion. 
The resulting brown mixture was refluxed overnight. After cooling to room temperature, 
bulk hexane (5 mL) was added to precipitate the ammonium salts. The suspension was 
filtered through a silica gel plug. The crude product was further purified by 
chromatography (silica gel, hexane / ethyl acetate 8/1) to yield (3-16) as a pale yellow 
solid (0.100 g, 75 %). mpt 271-272 
o
C. 
1
H NMR (500 MHz, CDCl3): δ 8.16 (s, 2H), 7.78 
(d, J = 7.4 Hz, 2H), 7.66 (dd, J = 20.3, 8.3 Hz, 8H), 7.58 (dd, J = 7.9, 1.4 Hz, 4H), 7.54 
(dd, J = 7.4, 1.2 Hz, 2H), 7.45 – 7.36 (m, 6H). 13C {1H} NMR (126 MHz, CDCl3): δ 
146.7, 139.4, 134.8, 134.2, 134.0, 132.0, 131.5, 130.0, 129.9 (dd, J = 62.1, 29.5 Hz), 
128.8, 127.1, 125.5 (q, J = 3.6 Hz), 125.2, 124.6, 123.0, 91.9, 89.0. Appendix II: 70-71.  
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Synthesis of 4-(Ethynylphenyl)diphenylaniline (3-10)   
(3-10) 
Step 1: Preparation of N,N-diphenyl-N-(4-bromophenyl)amine. Diphenylamine (5.0 
g, 29.5 mmol), 1-bromo-4-iodobenzene (8.36 g, 29.5 mmol), sodium tert-butoxide (4.26 
g, 44.3 mmol), and (dppf)PdCl2 (0.295 mol, 0.214g) were added to a flask and purged 
under argon. Dry toluene (15 mL) was added by syringe and the reaction mixture was 
stirred at 90 oC for 18 hours. After cooling to room temperature, the mixture was 
quenched with water (8 mL), extracted into dichloromethane, dried over MgSO4, filtered,  
and evaporated to dryness. The residue was purified by chromatography (silica gel, 
hexane / dichloromethane 1/7) to yield a white solid (6.00g, 63%) which was used in Step 
2 that is described below. 
1
H NMR (500 MHz, CDCl3): δ 7.58 – 7.54 (m, 2H), 7.31 – 
7.23 (m, 9H), 7.09 (dd, J = 8.5, 1.0 Hz, 4H), 6.96 – 6.91 (m, 2H). Appendix II: 72. 
Step 2: Preparation of 4-(Ethynylphenyl)diphenylaniline. To N,N-diphenyl-N-(4-
bromophenyl)amine (6.00 g, 18.5 mmol), bis(triphenylphosphine) palladium(II) 
dichloride (0.779 g, 1.11 mmol), triphenylphosphine (0.048 g, 0.183 mmol), and copper 
(I) iodide (0.106 g, 0.555 mmol) were added to a flask and purged under argon. Degassed 
distilled triethylamine (80 mL) was added followed by the addition of degassed 
trimethylsilyacetylene (3.66 mL, 25.9 mmol). The dark green reaction mixture was 
refluxed overnight. After cooling to room temperature, bulk benzene (5 mL) was added 
to the brown reaction mixture. The suspension was filtered through a silica gel plug and 
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the filtrate was evaporated to dryness. The crude N, N-diphenyl-4-
((trimethylsilyl)ethynyl)benzenamine (6.32 g, 18.5 mmol) was dissolved in 
dichloromethane and cooled to 0 °C. Tetrabutylammonium fluoride (22.2 mL, 22.2 
mmol, 1M in THF) was added by syringe as a constant drip. After the addition was 
complete, the reaction was stirred for 2 hours at 0 °C. The residue was purified by 
chromatography (silica gel, pentane / dichloromethane 93/7 ) to yield (3-10) as an off 
white  solid (2.80 g, 56 %). 
1
H NMR (500 MHz, CDCl3): δ 7.35 – 7.31 (m, 2H), 7.30 – 
7.22 (m, 6H, overlaps with chloroform), 7.12 – 7.04 (m, 7H), 6.99 – 6.95 (m, 2H), 3.02 
(s, 1H). 13C{1H} NMR (126 MHz, CDCl3): δ 148.5, 147.3, 133.2, 129.5, 125.2, 123.8, 
122.2, 114.9, 84.1, 76.3. Appendix II: 73-74. 
3,6-bis(((N,N-diphenylaniline)phenyl)ethynyl))-9,9-diphenylgermafluorene (3-17) 
(3-17) 
3,6-dibromo-9,9-diphenylgermafluorene (0.100 g, 0.186 mmol), 
tetrakis(triphenylphosphine)palladium(0) (8.61 mg, 7.45 µmol), and copper (I) iodide 
(2.84 mg, 0.015 mmol) were added to a flask and purged under Ar. Then degassed 
diisopropylamine (2 mL) and dry tetrahydrofuran (1 mL) were added by syringe. Finally, 
4-(ethynylphenyl)diphenylamine (0.151 g, 0.559 mmol) was added in one portion. The 
resulting brown mixture was refluxed overnight. After cooling to room temperature, bulk 
hexanes (5 mL) were added to precipitate the ammonium salts. The suspension was 
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filtered through a silica gel plug. The crude product was further purified by 
chromatography (silica gel, hexane / ethyl acetate 8/1) to yield (3-17) as a reddish yellow 
oil which solidified upon standing (0.075 g, 44 %). 
1
H NMR (500 MHz, CDCl3): δ 8.10 
(s, 2H), 7.72 (d, J = 7.4 Hz, 2H), 7.60 – 7.55 (m, 4H), 7.48 (d, J = 7.3 Hz, 2H), 7.44 – 
7.35 (m, 10H), 7.29 (t, J = 7.9 Hz, 10H), 7.15 – 7.00 (m, 20H). 13C{1H} NMR (126 MHz, 
CDCl3): δ 148.2, 147.3, 146.8, 138.2, 135.4, 134.8, 134.6, 133.8, 132.8, 129.9, 129.6, 
129.3, 128.7, 125.6, 125.2, 125.0, 123.7, 122.4, 90.7, 89.8. Appendix II: 75-77. 
3,6-bis((trimethylsilyl)ethynyl)-9,9-diphenylgermafluorene (3-19) 
(3-19) 
3,6-dibromo-9,9-diphenylgermafluorene (0.114 g, 0.212 mmol), 
tetrakis(triphenylphosphine)palladium(0) (9.82 mg, 8.49 µmol), and copper (I) iodide 
(3.24 mg, 0.017 mmol) were added to a flask and purged with argon. Then degassed 
diisopropylamine (2 mL) and dry THF (1 mL) were added by syringe. Degassed 
trimethylsilyacetylene (0.091 mL, 0.637 mmol) was added and the mixture was refluxed 
overnight. After cooling to room temperature, bulk hexanes (5 mL) were added to 
precipitate the ammonium salts. The suspension was filtered through a silica gel plug to 
yield a pale yellow solid. The crude product was further purified by chromatography 
(silica gel, hexane / ethyl acetate 8/1) to yield (3-19) as a white solid (0.111 g, 92 %). 
mpt. 263 
o
C.  
1
H NMR (500 MHz, CDCl3): δ 8.03 (s, 2H), 7.68 (dd, J = 7.4, 3.7 Hz, 2H), 
7.52 (dd, J = 7.9, 1.5 Hz, 4H), 7.44 – 7.33 (m, 10H), 0.28 (s, 19H). 13C{1H} NMR (126 
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MHz, CDCl3): δ 146.6, 138.9, 134.7, 134.4, 133.7, 131.6, 129.9, 128.7, 125.4, 125.0, 
105.2, 95.2, 89.7, 0.14. 
2-(4-bromobenzylidene)malononitrile
28 
 (3-12) 
(3-12) 
To a solution of 4-bromobenzaldehyde (2.04 g, 11.0 mmol) and malononitrile (0.727 g, 
11.00 mmol) in ethanol (20 mL) was added piperidine (0.15 mL, 1.52 mmol). The pale 
pink mixture was stirred at room temperature for one hour. A solid immediately began 
precipitating. The resulting pale pink solid was collected by filtration. Recrystallized with 
ethanol yielded (3-12) as white crystals (2.36 g, 92%). mpt. 164 – 165 ºC (lit., 160-162 
ºC).
28
 
1
H NMR (500 MHz, CDCl3): δ 7.77 (d, J = 8.6 Hz, 2H), 7.72 (s, 1H), 7.69 (d, J = 
8.7 Hz, 2H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 158.6, 133.2, 132.0, 130.1, 129.8, 
113.6, 112.5, 83.6. Appendix II: 78-79. 
3,6-bis((4-benzylidene)malononitrile)-9,9-diphenylgermafluorene (3-18) 
(3-18) 
 
3,6-dibromo-9,9-diphenylgermafluorene (0.1 g, 0.186 mmol) was dissolved in dry THF 
(2 mL), flushed with argon, and cooled to -78 °C. n-Butyllithium (0.406 mL, 0.650 
mmol, 1.6 M in hexane) was added drop-wise over a period of 5 - 10 minutes. The yellow 
solution was stirred for 2 additional hours at -78 °C. The yellow solution was then 
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warmed to 0 °C which resulted in a color change to brown-yellow. Then zinc chloride 
(0.081 g, 0.596 mmol) was added in one portion. The solution decolorized to a very pale 
yellow. The ice bath was removed and the mixture was stirred for one hour at room 
temperature. Then 2-(4-bromobenzylidiene)malonitrile (0.091 g, 0.391 mmol) and 
tetrakis(triphenylphosphine) palladium(0) (10.8 mg, 9.31 µmol) were added successively. 
The mixture was heated under reflux and stirred overnight to yield a white solid (6.00g, 
63%). NMR analysis indicated that the targeted product (3-18) was not produced. 
1-(4-bromophenyl)-1,1,2-triphenylethene
40 
 (3-21) 
(3-21) 
To a solution of diphenylmethane (2.02 g, 12.0 mmol) in dry THF (50 mL) was added 
dropwise n-butyllithium (7.50 mL, 12.01 mmol, 1.6 M in hexane)  at 0 °C under argon. 
The resulting reddish orange solution was stirred for one additional hour at 0 °C and then 
transferred slowly to a solution of 4-bromobenzophenone (2.61 g, 10.0 mmol) in dry THF 
(20 mL) at 0 °C over a period of 40 minutes. After the addition was complete, the ice 
bath was removed and the dark green reaction mixture was allowed to warm to room 
temperature. The reaction mixture decolorized to a greenish yellow within 20 minutes of 
warming followed by stirring at room temperature for 6 hours. After such time, the 
yellow reaction mixture was quenched with a saturated aqueous solution of ammonium 
chloride (2 mL). The product was extracted into dichloromethane, washed with brine, 
dried over MgSO4, filtered, and evaporated to dryness. The pale yellow residue was 
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dissolved in dry toluene (80 mL). A catalytic amount of p-toluenesulfonic acid 
monohydrate (0.495 g, 2.60 mmol) was added and the reaction mixture was refluxed for 
6 hours. The brown reaction mixture was allowed to cool to room temperature, washed 
with brine, dried over MgSO4, filtered, and evaporated to dryness. The orange-brown 
residue was purified by chromatography (silica gel, hexane) to yield (3-21) as a white 
solid (2.66 g, 65 %). Recrystallization using dichloromethane / methanol yielded 
colorless crystals. mpt 159 - 160 °C (lit., 160-161 ºC).
40
 
1
H NMR (500 MHz, CDCl3): δ 
7.24 – 7.20 (m, 2H), 7.15 – 7.06 (m, 9H), 7.05 – 6.97 (m, 6H), 6.92 – 6.87 (m, 2H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 143.6, 143.5, 143.4, 142.8, 141.7, 139.8, 133.1, 
131.43, 131.4, 131.4, 131.0, 128.0, 127.9, 127.8, 126.8, 126.8 , 126.7, 120.6. HRMS (EI): 
m/z calcd for C26H19Br, 410.0700, found: 410.0670. Appendix II: 80-81. 
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Chapter IV 
A Germanium-fluorescein analog 
 
4.1   Introduction 
Fluorescent imaging has become one of the most powerful tools for diagnosing 
diseases and monitoring biological processes in living cells because it offers high 
sensitivity, spatial and temporal (real time) resolution as well as ease of use.
1
 
Advancements in strategies for using fluorescent molecules have opened the door to 
multiple imaging technologies allowing the unrivaled ability to visualize biological 
phenomena in living systems. These organic molecules, which are essential to this 
technology, are rich in variety and therefore, the most widely used light-emitting 
materials. The majority of organic molecules absorb and emit in the ultra violet (UV) to 
visible spectral region (350 - 650 nm). While visible molecules continue to serve useful 
functions in imaging technologies, the progression of  imaging molecular processes in 
living organisms has necessitated the need for sensors that have longer absorption and 
emission wavelengths that may be excited in the far-red or near-infrared (NIR) region 
(650 to 900 nm).  
There are many advantages of using NIR instead of the visible spectral region. 
When compared to higher energy visible light, low energy NIR light poses little risk of 
damage to cells. In the near-infrared region, light is poorly absorbed and scattered by 
chromophores in tissues, organelles, and biological molecules allowing NIR light to 
penetrate tissues more deeply. Visible light is readily absorbed by many common 
biological molecules such as hemoglobin and water which is why fewer layers of tissue 
can be imaged using UV-visible molecules. In the visible light region, there is strong 
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autofluorescence which is the natural fluorescence that can occur in the presence of 
serum, proteins, and other biological molecules resulting in high background noise. A 
high background noise makes it difficult to distinguish between natural fluorescence and 
the fluorescence produced by the dye. In the NIR region, there is little interference from 
background autofluorescence resulting in a high signal-to-noise ratio.
2
 Accordingly, NIR 
molecules are especially suitable for non-invasive in vivo imaging for clinical diagnosis 
and elucidating the mechanisms of various diseases including cancer, atherosclerosis, 
inflammation, and rheumatoid arthritis.
3
  
Unfortunately, the number of molecules that may be excited in the near-infrared 
(NIR) region (650 -900 nm) are relatively few. Despite many favorable attributes, the 
development of NIR molecules has been hindered by the fact that few fluorescent 
molecules can be used in aqueous media and whose structures can be easily modified 
while maintaining high quantum efficiencies and low cell toxicity.  Another challenge in 
developing NIR molecules is due to the fact that many of the molecules which possess 
longer absorption and emission wavelengths also possess high-energy highest occupied 
molecular orbitals [(HOMO) energy levels] which makes fluorescent quenching less 
efficient.
4
 The ability to use these molecules in imaging and labeling applications 
depends upon the efficiency of the on-off switching of fluorescence. Such is the case for 
one of the most widely used classes of NIR molecules, the cyanine derivatives (Figure 4-
1), which are considered standards for in vivo imaging.
2
 In addition to problems with 
photobleaching (fading), it is difficult to effectively regulate the fluorescence of cyanine 
molecules.
5 
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Figure 4-1: Basic structure of cyanine molecules (A) 
 
     One strategy to control NIR fluorescence, which has been attempted with cyanine 
molecules,
6
 is fluorescence resonance energy transfer (FRET). FRET involves the 
radiationless transfer of energy from a donor fluorophore to an acceptor fluorophore, 
which is referred to as a FRET pair. In order for energy transfer to occur, the FRET pair 
must be in close proximity to one another (1-10 nm) so that their dipole moments are 
properly oriented. The donor’s emission range (the amount of energy emitted from the 
excited donor) and the acceptor’s excitation range (the amount of energy needed for 
excitation) must overlap by 30%.
7
 The challenge with this fluorescence mechanism is 
associated with the size of the acceptor dye within the pair. Most molecules which absorb 
in the NIR region are highly conjugated with extensive π-systems.8 In other words, NIR 
molecules have large molecular structures. Since the NIR dye functions as the acceptor 
within the pair (i.e. the acceptor should absorb at a longer wavelength than the donor), the 
overall size of the pair becomes far too extensive which limits its applications.  
One of the most well-known mechanisms for controlling fluorescence is photoinduced 
electron transfer (PeT). In PeT, the fluorescence of the dye is quenched by the transfer of 
an electron from the donor to the acceptor segment (Figure 4-2). Though the dynamics of 
this mechanism have only begun to be unraveled since 2005, it is generally understood 
that PeT is most efficient when there is a large separation between the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
9
 In other 
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words, the wavelength of the acceptor must be relatively short when compared to the 
donor. A large HOMO and LUMO gap results in a short wavelength and the light emitted 
is in the visible region. However, in order to emit red light, the wavelength is long which 
correlates to a small HOMO and LUMO gap. Activating the fluorescence in NIR 
molecules by the PeT mechanism is not without other challenges. Radiationless 
deactivation of the excited state can occur very rapidly and efficiently resulting in low 
quantum yields and poor fluorescence signal activation. For example, cyanine molecules 
have short excited state lifetimes (5 ps to tens of nanoseconds) and low quantum yields in 
solution (0.06 – 0.40).11 
 
Figure 4-2: The fluorescence quenching by the PeT mechanism.
10 
 
The general synthetic strategy for developing longer wavelength emissions have 
been based on modifying the structural framework of existing molecules such as 
fluorescein
12
 and rhodamine
13
 (Figure 4-3) which have absorption and emission 
wavelengths below 600 nm. Both fluorescein and rhodamine derivatives have been 
extensively used in fluorescence labeling and detection of biological molecules. Like 
cyanine derivatives, these molecules exhibit excellent photochemical properties that 
make them suitable for fluorescence imaging. These properties include high water 
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solubility, high fluorescence quantum yields, high molar extinction coefficients, pH 
independent fluorescence, and tolerance to photobleaching.
14
 
 
Figure 4-3: Basic chemical structure of xanthene molecules and silaanthracene 
 
Both fluorescein and rhodamine are xanthene molecules whose central core resembles 
anthracene where both silicon and germanium analogs exist for an unsubstituted core 
(Figure 4-3). Like fluorescein and rhodamine, silaanthracene derivatives exhibit emission 
wavelengths around 550 nm; however, only silaanthracenes bearing large, sterically 
demanding substituents such as 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (Tbt) on the 
silicon center are stable.
15
  The fact that silaanthracenes demonstrate poor stability at 
room temperature was not much of a deterrent because in 2008 this structural platform 
led to the design concept of substituting silicon into the rhodamine framework and the 
first red light emitting analog.
16
 This compound, 2,7-N,N,N,N-tetramethyl-9,9-dimethyl-
10-hydro-9-silaanthrancene (TMDHS),  is stable under ambient conditions and is 
particularly significant for its spectral properties. TMDHS has absorption and emission 
wavelengths at 641 nm and 659 nm,  respectively,  which represent a 90 nm 
bathochromic (red) shift compared to the unsubstituted rhodamine analog, pyronine 
(Figure 4-4). This was the first time that replacement of a single bridging atom has 
resulted in such a dramatic effect. There have been many unsuccessful attempts to 
promote longer wavelengths in rhodamine analogs by replacing the bridging oxygen with 
other elements such as N, C, S, Se, and Te. Of all the elements which have been 
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substituted into the rhodamine framework, only carbon has led to a 50 nm red shift.
17
 
Electrochemical measurements of TMDHS and subsequent calculations indicate that 
substitution of oxygen by silicon affects the HOMO and LUMO energy levels 
simultaneously. The HOMO increases by 0.14 eV while the LUMO decreases by 0.18 eV 
as compared to the energy levels of pyronine. These changes in orbital energy values 
result in a smaller energy gap which explains the large red shift upon substitution with 
silicon. This incredible red shift can also be attributed to the low-lying LUMO energy 
levels which are unique to Group 14 elements as a result of the contribution of highly 
efficient σ*-π* conjugation of the heteroatom.18   
 
Figure 4-4: Chemical structures of pyronine (A) and TMDHS (B) 
 
Encouraged by these results, the logical progression in the development of NIR 
molecules was the substitution of oxygen with silicon in fluorescein. Until this time, the 
majority of fluorescein derivatives were green light emitting. In 2011, the first red light 
emitting silicon substituted fluorescein derivative, which is referred to as TokyoMagenta, 
was prepared. Like TMDHS, this analog possesses unique spectral properties, some of 
which are associated with the reactivity of the hydroxyl substituent (Figure 4-5). In the 
neutral (protonated) form, TokyoMagenta has absorption and emission wavelengths at 
472 nm and 593 nm respectively. However, when tested at pH 7.4, which is the 
intercellular pH, the anionic form (Figure 4-5 B) has absorption and emission 
wavelengths at 582 nm and 598 nm respectively. By deprotonating the hydroxyl, the 
246 
 
absorption wavelength experiences a 110 nm red shift relative to the neutral form. When 
similar studies were conducted on the corresponding fluorescein analog, deprotonation 
produced only a 52 nm red shift relative to the neutral.
19
 This large red shift upon 
formation of the anion has already been exploited in the design of fluorescence probes 
which operate in the red region of the spectrum. This mechanism for controlling the 
fluorescence intensity is very interesting because of its simplistic nature which can be 
applied to Group 14 derivatives. Like both fluorescein and rhodamine, the fluorescence 
behavior of the Group 14 derivatives has typically been controlled by photoinduced 
electron transfer (PeT) and has been one of the most effective means of activating the on-
off switching mechanism in these fluorescent probes.
20
  
 
Figure 4-5: Structure of the first silicon substituted fluorescein analog, TokyoMagenta. 
 
4.2   Synthetic Overview 
A search of the current literature suggests that there are no published studies of 
fluorescein-based molecules that contain germanium.  There is an international patent 
which includes this category of germanium heterocycle; however, no further data could 
be located.  This class of heterocycles was prepared using modifications of a procedure 
which was originally developed for silicon.
21
 The entire synthetic pathway required the 
sequential preparation of six precursor compounds in order to obtain the final fluorescein 
derivative (4-7) which could potentially serve as the building block for a series of novel 
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germanium heterocycles that are expected to emit in the red region of the electromagnetic 
spectrum. 
 In order to synthesize the germaanthrone (4-3), it was first necessary to prepare 
the organic framework which would eventually undergo ring closure to obtain the target 
compound (4-7). Since none of the precursor compounds for this synthetic pathway were 
available commercially, this multistep process (Scheme 4-1) began with the protection of 
3-bromoaniline with allyl bromide to form the monomer 3-bromo-N,N-diallylaniline (4-
1). The diallylaniline (4-1) then underwent a well-known, but problematic industrial 
condensation reaction with formaldehyde to yield the diaryl, bis(2-bromo-4-N,N-
diallylaminophenyl)methane (4-2). The diaryl methane (4-2) represented the completed 
organic skeleton necessary for ring closure with a substituted germanium dichloride.  
From this point forward in the synthetic pathway, the substituents on the germaanthrone 
(4-3) were manipulated to transform this key compound into the final fluorescein form. 
The initial manipulation involved a palladium-catalyzed de-allylation reaction to restore 
the amino groups forming a diamino-germaanthrone (4-4). The next manipulation was 
the most important since it is at this point that the germaanthrone (4-4) was to be 
converted to the phenol derivative making the final fluorescein-based structure possible. 
Unfortunately, it was at this key step wherein the synthetic pathway collapsed. An 
attempt to convert the diamino-germaanthrone (4-4) to a diazonium intermediate which 
was then thermally decomposed thereby allowing substitution by hydroxyl functional 
groups failed. It was uncertain whether the acidic conditions or the high temperatures 
involved in this protocol resulted in the failure. If the dihydroxy-germaanthrone (4-5) can 
be obtained by an alternate route, it could be converted to a tert-butyldimethylsilyl ether 
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(4-6) with tert-butyldimethylchlorosilane (TBDMS) using imidazole as a catalyst. This 
process, which may proceed through a N-tert-butyldimethylsilylimidazole intermediate, 
affords a highly stable protecting group for alcohols.
22
 This ether could then be safely 
coupled with a variety of lithiated aryl substituents at the R position to generate (4-7). 
Additionally, the hydroxyl (OH) group on the fluorescein analog (4-7) could serve as an 
additional site of substitution to generate other unique derivatives. 
 
Scheme 4-1: Overall synthetic pathway for obtaining the fluorescein analog (4-7) 
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The information contained within this chapter outlines the synthetic details for preparing 
the first five precursors in route to developing the germanium-containing fluorescein 
derivative. 
4.3   Results and Discussion 
4.3.1   Synthesis of 3-bromo-N,N-diallylaniline (4-1) 
(4-1) 
This important monomer was synthesized by the N-alkylation of 3-bromoaniline 
using allyl bromide. Although a phenol derivative was ultimately desired to achieve the 
targeted fluorescein analog (4-7), 3-bromophenol was not selected as a starting material. 
Reactions between phenols and formaldehydes under acidic conditions, such as those 
necessary for the diarylation sequence, are known to produce complex mixtures of 
isomers and polynuclear bisphenols (see Figure 4-9 for the structure of bisphenol).
23
 
Additionally, it was felt that the amino group would facilitate the formation of the diaryl 
methane (4-2) since it possesses higher electron donating abilities than a hydroxyl. 
Allylic groups are commonly used for the protection of alcohols and amines. Due to their 
weak electron withdrawing character, it was anticipated that this protecting group would 
not pose any interference during the formation of diaryl methane (4-2). Protection of the 
amino functional groups (NH2), which would later be substituted by hydroxyl functional 
groups in germaanthrone (4-5), would then allow the use of n-butyllithium for a halogen-
metal exchange reaction during the ring closure step.  
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Amines typically react with primary alkyl halides by a nucleophilic bimolecular 
(SN2) substitution mechanism. However, these reactions can be slow and produce a 
mixture of secondary and tertiary amines if a more reactive nucleophile is not used. To 
enhance the reactivity of the amine, it is commonly converted to a salt using a base so 
that the more basic corresponding anion is free to react with the electrophile.
24
 
Preparation of the diallylaniline (4-1) 
 
Equation 4-1 
 
Initially, the 3-bromo-N,N-diallylaniline was prepared by adding 3-bromoaniline 
and allyl bromide to a suspension of potassium carbonate in acetonitrile which was then 
heated at 80 
o
C for 18 hours. This thermal process resulted in mixture of the starting 3-
bromoaniline, the secondary and tertiary amines (mono- and diallylaniline), and several 
unidentified organic compounds. In an attempt to optimize the procedure by reducing the 
reaction time and minimizing unwanted side products, the base and solvent were changed 
to sodium hydride and dimethylformamide (DMF) respectively (Equation 4-1). In the 
modified procedure, the strong base, sodium hydride, was slowly added to a cooled 
mixture of the 3-bromoaniline and allyl bromide in DMF. DMF, a polar aprotic solvent, 
enhances the reactivity of the nucleophile and promotes a SN2 mechanism. Once the 
addition of the sodium hydride was complete, the reducing capabilities of the base were 
activated by warming the reaction to room temperature. The reaction progress was 
monitored using thin layer chromatography to indicate the disappearance of the starting 
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material, 3-bromoaniline. Within 4 – 5 hours of stirring at room temperature, the 
conversion from the primary amine to the tertiary amine was almost quantitative (91% 
isolated yield). The reaction mixture contained very few unwanted side products, the 
most prevalent being a small amount of the secondary amine (monoallylaniline), which 
was an intermediate in the reaction (Figure 4-6). 
 
Figure 4-6: Mono- (A) and diallyl (B) bromoaniline respectively. 
 
Characterization of 3-bromo-N,N-diallylaniline (4-1) 
The crude reaction mixture was a pale yellow oil that was purified by silica gel 
chromatography using hexane / ethyl acetate as the eluant. Two fractions from the 
column were isolated. The initial fraction was colorless consisting of pure 3-bromo-N,N-
diallylaniline (4-1) while the second fraction was orange and consisted of a mixture of the 
mono- and disubstituted aniline. GC-MS analysis of the initial colorless fraction 
exhibited a single peak at 7.6 to 7.9 minutes with a m/z ratio for this species of 251 which 
was consistent with the desired product, 3-bromo-N,N-diallylaniline (4-1). The orange 
fraction exhibited two peaks: one at 6.8-7.5 minutes and the second at 7.6-8.0 minutes. 
The m/z ratio for the first species was 211 while the second species was 251. Both 
masses are consistent with the mono- and disubstituted aniline derivatives. 
The 
1
H NMR spectrum of the diallylaniline (4-1) exhibited the anticipated 
resonances for the aromatic protons at δ7.08, 6.85 and 6.65 while the allylic protons were 
observed at δ5.88, 5.22, and 3.94 (Figure 4-7). Integration of those resonances indicated 
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14 protons, four aromatic and ten aliphatic, consistent with the targeted diallylaniline 
product (4-1).
 
The reported literature values for the diallylaniline product (4-1) were 
δ7.01, 6.77- 6.81, 6.58, 5.75 - 5.88, 5.17 -5.18, 5.11 -5.15, and 3.87 - 3.90.21 
 
Figure 4-7: 
1
H NMR spectrum of the diallylaniline (4-1) 
 
The 
13
C{
1
H} NMR spectrum of (4-1) exhibited nine distinct resonances: six 
resonances for the aromatic carbons (δ 149.9, 130.3, 123.4, 119.1, 115.0 and 110.8) and 
three for the allyl substituents (δ 133.2, 116.3 and 52.7).  The most diagnostic feature 
indicating the substitution with the allyl groups was the resonance at δ52.7 associated 
with the methylene carbons of the allyl group (Figure 4-8). The reported literature values 
for the diallylaniline product (4-1) were δ 150.0, 133.2, 130.2, 123.3, 119.0, 116.3, 115.0, 
110.8 and 52.7.
21 
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Figure 4-8: 
13
C{
1
H} NMR spectrum of the diallylaniline (4-1) 
 
4.3.2   Synthesis of bis(2-bromo-4-N,N-diallylaminophenyl)methane (4-2) 
 
(4-2) 
Condensation reactions between molecules possessing a carbonyl with aromatic 
compounds possessing activating groups such as amines and hydroxyls are well known 
for their industrial applications. Bisphenol A, which is used to produce polycarbonates 
and epoxy resins,
25
 and methylenedianiline (MDA), used in the preparation of 
isocyanates which are ultimately transformed into polyurethanes,
26
 are both examples of 
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important chemicals produced almost exclusively by this type of condensation reaction 
(Figure 4-9).  
 
Figure 4-9: Structures of bisphenol A and methylenedianiline (MDA), respectively. 
 
These condensations are typically acid catalyzed aromatic electrophilic 
substitutions in which the alkylating species has been identified as a carbonium ion. This 
multi-step process wherein the alcohol intermediate, formed in the initial step, reacts with 
a second aromatic molecule to complete the diaryl formation (Scheme 4-2).
26
 As 
mentioned earlier, the aromatic compounds possess functional groups which direct the 
substitution to the ortho- and para- positions of the ring.  
 
Scheme 4-2: Mechanism of the condensation reaction providing diarylmethanes
26 
 
Due to its industrial significance, the reaction of formaldehyde with stoichiometric 
amounts of aniline in the presence of a strong acid such as hydrochloric acid for the 
production of MDA has been examined at length (Scheme 4-3). This intense study stems 
from the fact that in addition to diamines, the reaction also produces triamines, 
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tetraamines, N-methylated products, and quinazolines.
19
 It is generally accepted that this 
reaction proceeds in two stages. The initial stage includes the formation of a transient 
intermediate, methylene dianiline, when the aniline and formaldehyde are combined at 
ambient temperature. The second stage involves the rearrangement of the methylene 
dianiline intermediate into various isomers when the reaction mixture is heated in excess 
of 60 
o
C. The ratios in which the aniline, formaldehyde, and acid catalyst are utilized 
determine the proportions of the isomers present in the overall yield. The desired isomer 
from this process is the 4,4-MDA (Scheme 4-3). Conditions which tend to favor the 
formation of the para, para-substituted isomers are: a higher aniline to formaldehyde 
ratio, a higher content of acid catalyst, and lower reaction temperatures.
27 
 
Scheme 4-3: Industrial synthesis of MDA
25 
 
Preparation of the diaryl methane (4-2) 
 
Equation 4-2 
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The initial attempt for the preparation of the diaryl methane (4-2) consisted of 
dissolving the diallylaniline (1.0 equivalent) in acetic acid to which 37% formaldehyde (5 
equivalents) was added in one portion. The resulting solution was then stirred at 80 
o
C for 
75 minutes. After this time period, the solution was neutralized with sodium bicarbonate, 
sodium hydroxide and subjected to a standard aqueous workup.  Although the preparation 
of the diaryl methane (4-2) seemed simple, the yield was low (26%). Multiple attempts 
were made to improve the efficiency of the reaction in hopes of improving the yield.  
These unsuccessful efforts are outline in the following (Table 4-1). The best yield (47%) 
was obtained when the proportion of diallylaniline to formaldehyde was approximately 
1.68 g of aniline per gram of formaldehyde with a reaction molarity of 0.32. Using the 
same proportions, but decreasing the quantity of acetic acid such that the reaction 
molarity was 0.34 resulted in a lower yield (36%).  
Modification to the Original Method  Yield of (4-2) Obtained 
The  drop-wise addition of formaldehyde to 
the stirring solution of diallylaniline in 
acetic acid 
Trace amount  
The  drop-wise addition of acetic acid to 
the diallylaniline followed by the addition 
of formaldehyde in one portion 
12% 
Reversing the number of equivalents:  5 
Equiv. of diallylaniline to 1 Equiv. of 
formaldehyde 
Trace amount 
 
Table 4-1: Experimental modifications used for the synthesis of the diaryl methane (4-2) 
 
Characterization of the diaryl methane (4-2) 
The crude reaction mixture of (4-2) was obtained as a red oil that was purified by 
silica gel chromatography using hexane / ethyl acetate as the eluent to yield a very pale 
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yellow to almost colorless viscous oil. The diaryl methane (4-2) has the consistency of 
corn syrup which made purification particularly challenging. Multiple columns were 
necessary to remove byproducts. The GC-MS analysis after a single attempt to purify by 
silica gel chromatography exhibited a mixture of products that included the starting 
material (diallyaniline) and several unidentified organic byproducts. Interestingly, none 
of the byproducts correlated to the loss of either bromine substituent (exact masses of 
436.15 and 358.24) from the diaryl methane (4-2). A peak that was observed at 16 
minutes with a m/z ratio of 516 was consistent with the targeted product (4-2). 
The 
1
H NMR spectrum of the diaryl methane (4-2) exhibited the anticipated 
resonances for the aromatic protons at δ 6.92, 6.83, and 6.53. Integration of these 
resonances suggested six protons. The aliphatic protons exhibited resonances at δ 5.84, 
5.19 and 3.89. Integration of those resonances indicated 20 protons consistent with the 
presence of four allylic groups. The most diagnostic feature indicating the formation of 
the diaryl methane was the appearance of a resonance at δ3.98 integrating to two protons 
consistent with a CH2 group (Figure 4-10). The NMR data was consistent with the 
reported literature values for the diaryl methane (4-2) of δ 6.90, 6.81, 6.54, 5.76 – 5.88, 
5.13 – 5.19, 3.96 and 3.85 – 3.87.21 
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Figure 4-10: 
1
H NMR spectra of the diaryl methane (4-2) and the starting material, the 
diallylaniline (4-1) 
The 
13
C{
1
H} NMR spectrum of the diaryl methane (4-2) exhibited ten resonances: 
six resonances for the aromatic carbons (δ 148.2, 130.9, 127.0, 125.7, 116.0 and 111.7), 
three for the allyl substituents (δ 133.6, 116.4 and 52.8), and the most diagnostic feature 
was the resonance at δ 39.9 associated with the carbon of the methylene bridge (Figure 4-
11). The NMR data was consistent with the reported literature values for the diaryl 
methane (4-2) of δ 148.1, 133.5, 130.8, 126.9, 125.5, 116.2, 116.0, 111.7, 52.7, and 
39.7.
21 
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Figure 4-11: 
13
C{
1
H} NMR spectra of the diaryl methane (4-2) and the starting material, 
the diallylaniline (4-1) 
4.3.3   Synthesis of N,N,N',N'-tetraallyldiamino-germaanthrone (4-3) 
(4-3) 
The formation of the germanium-containing xanthrone (germaanthrone) (4-3) was 
the first key compound in this synthetic pathway as it is the structural basis of the final 
target novel fluorescein analog. The primary concern in being able to carry out this 
synthetic protocol was potential cleavage of the germanium-containing anthracene 
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(germaanthracene) precursor which is formed in the early stages of the reaction with 
potassium permanganate. These concerns were particularly relevant since a similar 
reaction with a silicon derivative produced low yields.
21
   
Preparation of N,N,N',N'-tetraallyldiamino-germanium-xanthrone (4-3) 
 
Equation 4-3 
 
The preparation of the germaanthrone (4-3) occured in two distinct phases. In the 
initial phase of the reaction, sec-butyllithium was added drop-wise to a cooled THF 
solution of the diaryl methane.  After the addition of sec-butyllithium was complete, the 
reaction was stirred at low temperature for another 30 minutes before a THF solution of 
diethyldichlorogermane was added dropwise. In retrospect, this phase of the reaction 
should have been monitored more closely to ensure that the lithiation of the diaryl 
methane was complete. Experiences with more elaborate organic frameworks such as the 
germafluorenes discussed in Chapter 3 have demonstrated that the halogen – metal 
exchange even with more reactive organolithium reagents such as sec-butyllithium may 
require 1- 2 hours of additional stirring prior to quenching. Since this germaanthracene 
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precursor was not purified or characterized prior to the next step, incomplete ring closure 
could also be contributing to the overall low yield demonstrated by this synthetic 
pathway.   
After the addition of diethyldichlorogermane, the yellow reaction mixture was 
allowed to gradually warm to room temperature and stirred overnight during which time 
the reaction color turned dark purple. Quenching with 2M aqueous HCl caused the 
reaction mixture to immediately turn reddish blue then bluish green. Standard aqueous 
workup produced a blue oil which when dissolved in dichloromethane fluoresced red 
under UV light (Figure 4-12). This residue was used in the next step without further 
analysis or purification.  
In the second phase of the reaction, potassium permanganate was added in small 
portions over a two hour period to a cooled acetone solution of the germaanthracene. 
After the addition of the potassium permanganate was complete, the blue reaction 
mixture was stirred for one additional hour at 0 
o
C. Standard aqueous workup produced a 
yellow solid that fluoresced green under UV light (Figure 4-12). 
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(A) 
 
(B) 
 
(C) 
  
(D) 
 
Figure 4-12: Photographs of a dichloromethane solution of the germaanthracene under 
ambient (A) and UV (B) light: a TLC plate containing the germaanthrone (4-3) under 
ambient (C) and UV (D) light  
Characterization of N,N,N',N'-tetraallyldiamino-germanium-xanthrone (4-3) 
The 
1
H NMR spectrum of (4-3) exhibited the anticipated resonances for the 
aromatic protons at δ 8.32, 6.78, and 6.71. Integration of these resonances suggests six 
protons. In a related silicon analog that had methyl groups on the silicon center, the six 
aromatic protons were reported at δ 8.34 and 6.80 – 6.83.21 The allyl protons exhibited 
resonances at δ 5.88, 5.20, and 4.01. Integration of those resonances indicated 20 protons 
consistent with the presence of four allylic groups. In a related silicon analog that had 
methyl groups on the silicon center, the twenty allyl protons were observed at δ 5.82 – 
5.94, 5.17 – 5.23, and 4.02 which was in good agreement with the germanium 
xanthrone.
21 
The most diagnostic feature indicating the formation of the heterocycle was 
the appearance of resonances at δ 1.14 and δ 1.04 which are associated with the protons 
of the ethyl groups on the germanium center. Integration of these resonances indicated 
ten protons that would be consistent with two CH2CH3 groups (Figure 4-13). 
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Figure 4-13: 
1
H NMR spectra of the germaanthrone (4-3) and the starting material, the 
diaryl methane (4-2) 
The 
13
C{
1
H} NMR spectrum of the germaanthrone (4-3) exhibited twelve 
resonances. The most diagnostic features indicating the successful ring closure of the 
diaryl were the three new resonances: one at δ 185.4 which was associated with the 
carbonyl carbon located on the center ring of the core of the germaxanthrone and two 
resonances at δ 9.2 and 6.4 which are associated with the ethyl groups on the germanium 
center. In a related silicon analog that had methyl groups on the silicon center, the 
carbonyl carbon located on the center ring of the core of the silaxanthrone was observed 
at δ 185.1.21 Verification that all four allylic groups survived the transformation was 
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indicated by the diagnostic resonance for the methylene carbons at δ 52.8 (Figure 4 -14). 
The remaining two resonances for the allylic substituents occured at δ 133.2 and 116.6. In 
a related silicon analog that had methyl groups on the silicon center, the allyl carbons 
were observed at δ 52.8, 133.1, and 116.7.21 The remaining six resonances were for the 
aromatic carbons of the xanthrone ring system δ 149.9-112.8.   
 
Figure 4-14: 
13
C{
1
H} NMR spectra of the germaanthrone (4-3) and the starting material, 
the diaryl methane (4-2) 
4.3.4   Synthesis of diamino-germaanthrone (4-4) 
(4-4) 
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A variety of nucleophiles can be used in the palladium-catalyzed de-allylation 
reactions. N,N’-dimethylbarbituric acid, a carbon nucleophile, has proven to be an 
efficient allyl group scavenger for both mono- and diallylamines and was used in this 
procedure. The proposed palladium-catalyzed cycle for the de-allylation of the 
diallylamine functional groups on the germaanthrone (4-3) is represented in Scheme 4-5. 
It is probable that an allylammonium and carbanion species initially form (Equation 4-4). 
The allylammonium species then reacts with the zerovalent palladium catalyst to yield a 
π-allyl palladium (II) intermediate and a de-allylated amine. The palladium (II) 
intermediate can then be trapped by the carbanion giving a C-allylated dimethylbarbituric 
acid derivative which allows the regeneration of the palladium (0) catalyst.
29
 
 
Equation 4-4 
 
 
Scheme 4-4: Proposed catalytic cycle for the palladium-catalyzed deallylation
29 
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Preparation of the diamino-germaanthrone (4-4) 
 
Equation 4-5 
 
A degassed solution of tetraallyldiamino-germaanthrone (4-3) in dry 
dichloromethane was added in one portion to a mixture of Pd(PPh3)4 and 1,3-
dimethylbarbituric acid under argon (Equation 4-5). Approximately 1.5 equivalents of the 
1,3-dimethylbarbituric acid per allyl group were used to ensure complete de-allylation 
and avoid prolonged reaction times. The orange suspension was gently heated at 35 
o
C 
with stirring. Progress of the reactionwas monitored using thin layer chromatography. 
The starting material, the tetraallyldiamino-germaanthrone (4-3), fluoreses bright green 
while the product, the diamino-germaanthrone (4-4), fluoreses blue.  The 
tetraallyldiamino-germanium-xanthrone (4-3) was successfully de-allylated within two to 
three hours.  
Afterwards, the solvent was evaporated under vacuum and the resulting residue 
was added to an aqueous solution of sodium carbonate. The product was extracted into 
dichloromethane and subjected to a standard aqueous workup to yield a yellow solid. The 
dichloromethane solution of (4-4) fluoresced blue under UV light (Figure 4-15).  
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(A) (B) 
 
Figure 4-15: Photographs of a dichloromethane solution of the diamino-germaanthrone 
(4-4) under ambient (A) and UV (B) light 
Characterization of the diamino-germaanthrone (4-4) 
The residue from the reaction mixture was purified by silica gel chromatography 
using ethyl acetate / hexane as the eluent. The 
1
H NMR spectrum of the diamino-
germaanthrone (4-4) exhibited the resonances for the aromatic protons at δ 8.34 and 6.73. 
Integration of these resonances indicated six protons. The most diagnostic features 
indicating the successful de-allylation reaction were the disappearance of resonances of 
the aliphatic protons (δ 5.88, 5.20, and 4.01) associated with the allyl substituents and the 
appearance of the resonance at δ 4.07 which was associated with the protons of the amino 
substituents. Integration of these resonances was consistent with four protons. In a related 
silicon analog that had methyl groups on the silicon center, the six aromatic protons were 
observed at δ 8.13, 6.88, and 6.76 which was in good agreement with the germaanthrone; 
the protons assigned to the amino substitutents were not reported.
21 
Confirmation that the 
heterocycle survived the reaction conditions intact was verified by the resonances st δ 
1.14 and 1.00 which are associated with the protons of the ethyl groups on the 
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germanium center (Figure 4-16). Integration of these resonances was consistent with the 
ten protons associated with two CH2CH3 groups. 
 
Figure 4-16: 
1
H NMR spectra of the diamino-germaanthrone (4-4) and the starting 
material, the tetradiallylamino-germaanthrone (4-3) 
The 
13
C{
1
H} NMR spectrum of the diamino-germaanthrone (4-4) exhibited nine 
resonances. The most diagnostic feature was the disappearance of three carbon 
resonances for the allylic substituents at δ 133.2, 116.6, and 52.8. The three resonances 
which suggested the heterocycle was intact were: δ 185.6 which was associated with the 
carbonyl carbon located on the center ring of the core of the xanthrone and two 
resonances at δ 9.2 and 6.8 which were associated with the ethyl groups of the 
germanium center (Figure 4-17). The remaining six resonances are for the aromatic 
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carbons of the xanthrone ring system (δ 149.0, 141.7, 132.9, 132.6, 117.9 and 115.8). The 
carbon bearing the amino substituent appeared at δ 149.0 which was similar to the 
chemical shift in the diallyl monomer (4-1) which appeared at δ 149.9. In a related silicon 
analog that had methyl groups on the silicon center, the carbonyl carbon was observed at 
δ 187.5 while the remaining aromatic carbons at δ 153.0, 142.6, 132.8, 131.0, 118.4, and 
116.6.
21 
 
 
Figure 4-17: 
13
C{ 
1
H} NMR spectra of the diamino-germaanthrone (4-4) and the starting 
material, the tetradiallylamino-germaanthrone (4-3) 
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4.3.5   Attempted synthesis of dihydroxy-germaanthrone (4-5) 
(4-5) 
Aryl diazonium intermediates are commonly used for nucleophilic substitution 
reactions for several reasons. They demonstrate high stability in solution at ambient 
temperatures and below and molecular nitrogen (N2) is an excellent leaving group. Aryl 
diazonium salts can be prepared through an addition-elimination reaction between an 
aniline derivative and nitrous acid. It is standard practice to generate the nitrous acid in 
situ utilizing a nitrite salt. The diazonium ion is then formed when the nitrosonium ion 
(NO
+
) from the nitrous acid adds to the amino group followed by the elimination of 
water. The general mechanism by which the substitution occurs involves the thermal 
decomposition of the diazonium intermediate resulting in the formation of a highly 
unstable phenyl cation. The cation is then trapped by a nucleophile which can be either 
the solvent or an appropriate anion (Figure 4-18).
30
  
 
Figure 4-18: General substitution mechanism of diazonium ions 
 
The standard preparation of phenols from diazonium intermediates involves 
heating in aqueous acidic solutions. The acid is needed to suppress a competing coupling 
reaction in which the nitrogen atoms are retained. This competing reaction involves the 
ionization of the phenol product into its corresponding phenoxide ion which can couple 
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with any unreacted diazonium intermediates to produce an azo compound. Therefore, in 
order to obtain higher yields of the phenol instead of the azo compund, it is necessary to 
add the diazonium into a boiling solution of sulfuric acid.
31
 
Attempted preparation of the dihydroxy-germaanthrone (4-5) 
 
Scheme 4-5: Synthetic pathways for preparing the dihydroxy-germaanthrone (4-5) 
 
The initial attempt to obtain the second key compound, dihydroxy-germaanthrone 
(4-5), was unsuccessful. The procedure that was used to try and obtain the targeted 
product was outlined as follows (Scheme 4-5). The diazonium intermediate was prepared 
by adding an aqueous solution of sodium nitrite to a cooled solution of the diamino-Ge-
xanthone, which had been dissolved in 6N sulfuric acid (diluted with methanol). The 
solution of sodium nitrite was slowly added such that the temperature was maintained 
between 0 - 2 °C throughout the addition. After the addition was complete, the mixture 
was stirred for 1 hour at 0 °C. Then the mixture was added to a refluxing solution of 
aqueous 1N sulfuric acid. After the addition was complete, the mixture was heated at 
reflux for 10 minutes. After cooling to room temperature, the resulting mixture was 
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extracted into dichloromethane. The organic layer was then subjected to a standard 
aqueous workup. The residue was purified by silica gel chromatography to yield a yellow 
solid (17 mg). 
Characterization of the reaction mixture 
Analysis of the yellow solid from the reaction described above by both 
1
H and 
13
C{
1
H} NMR failed to provide any useful data due to the fact that the sample was very 
dilute. There was no evidence in either spectrum that any of the starting material, the 
diamino-germaanthrone (4-4), had survived the reaction. Nor were there any resonances 
in the 
13
C{
1
H} NMR in the region where carbonyl carbons are typically observed. 
4.4   Summary and future work 
The inability to successfully prepare the dihydroxy-germaanthrone (4-5) 
represented a major obstacle in obtaining the germanium-containing fluorescein 
derivatives. Future attempts to prepare the phenol derivative may require milder reaction 
conditions.  A copper induced decomposition of the diazonium intermediate may be a 
plausible alternate route which is worth exploring (Scheme 4-5). This reaction proceeds 
by a redox mechanism whereby cuprous oxide initiates the diazonium decomposition 
producing an aryl radical. Cuprous oxide is known to effectively produce aryl radicals 
from diazonium ions even at low temperatures.
32
 The radical is then trapped by copper 
(II) salts, which are present in excess in the reaction, and converted to the phenol by 
reductive elimination. This route has demonstrated good yields with a broad range of 
diazonium intermediates and can be performed at ambient temperature and below.
27  
The two new germanium heterocycles, a tetraallyldiamino-germaanthrone (4-3) 
and the diamino-germaanthrone (4-4), which were successfully prepared, could 
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potentially serve as platforms for several new derivatives. The fact that both these 
heterocycles fluoresce in the red and blue regions respectively hold considerable promise. 
Since both compounds are structurally similar to rhodamine, it may be possible to make 
modifications at two different positions within these frameworks which may allow tuning 
of the emission wavelength. In traditional rhodamines, it is possible to adjust the 
absorption and emission wavelengths by changing the identity of the substituents on the 
nitrogen atom.
33
 Additionally, several silicon-containing rhodamine derivatives that emit 
in the NIR region have been developed by changing the substituent on the center ring of 
the xanthene segment. Both of these compounds are currently being used in optical 
imaging of the calcium ion
34
 while the other is used in the detection of hypochlorus acid 
(HOCl)
35
. Such modifications could be accomplished without difficulty within the first 
few steps of the initially outlined synthetic pathway (Scheme 4-1). 
4.5   Experimental 
General 
All experiments were conducted under an argon atmosphere using Schlenk 
techniques. Glassware was oven or flame dried prior to use. Solvents were dried by 
standard methods and freshly distilled under argon prior to use. Diethyl ether and 
tetrahydrofuran were distilled from sodium and 9-fluorenone. Toluene was distilled from 
molten sodium. Dichloromethane, pentane, and hexane were distilled from calcium 
hydride. 
All NMR spectra were collected on a Bruker ARX-500 MHz (
1
H recorded at 500 
MHz and 
13
C at 126 MHz) or on a Bruker Advance-300 MHz (
1
H recorded at 300 MHz,  
13
C at 75 MHz, and 
 19
F at 282 MHz)  at ambient temperature unless otherwise noted. 
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Peak positions of the solvents were used as the reference for 
1
H NMR data (7.26 ppm, 
CDCl3; 7.16 ppm, C6D6) and the 
13
C{
1
H} data (77.16 ppm, CDCl3; 128.08 ppm, C6D6).  
Chloroform-d and benzene-d6 were purchased from Cambridge Isotopes, Inc., and stored 
over activated molecular sieves. Chemical shifts (δ) are reported in ppm and coupling 
constants (J) in Hertz. The following abbreviations are used: singlet (s), doublet (d), 
triplet (t), quartet (q), doublet of doublets (dd), and multiplet (m). Mass spectral data were 
collected on a Hewlett Packard Model 5988A GC/MS instrument equipped with a RTE-A 
data system. Gas chromatographic separations were obtained on a Shimadzu GC-14A gas 
chromatograph and a temperature program from 60 to 320 
o
C, isotherm at 60 
o
C/2 
minutes, and then ramped at 20 
o
C/ minute with the injector temperature at 275 
o
C and 
the detector temperature at 350 
o
C. A JEOL M Station-JMS 700 mass spectrometer was 
used to obtain high resolution mass spectra by fast atom bombardment (FAB) or (EI) 
conditions, using 3-nitrobenzyl alcohol (NBA) as a matrix and toluene as a solvent.  
The following reagents were purchased from SigmaAldrich or Acros and were 
used without further purification: 3-bromoaniline, allyl bromide, sodium hydride, n-
butyllithium (1.6 M in hexane), chloroform, dimethylformamide (DMF), sec-butyllithium 
(1.4 M in cyclohexane), acetic acid, formaldehyde (37% in water), and 1,3-
dimethylbarbituric acid, The diethyldichlorogermane was purchased from Gelest and was 
used without further purification. 
Synthesis of 3-bromo-N,N-diallylaniline (4-1)  
(4-1) 
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To a solution of 3-bromoaniline (3.08 mL, 34.9 mmol) and allyl bromide (9.05 mL, 105 
mmol) in DMF (20 mL) was added small portions of sodium hydride (5.23 g, 131 mmol) 
over 50 minutes at 0 °C. The suspension was stirred for 15 minutes after the addition of 
the sodium hydride was complete at this temperature and then allowed to warm to room 
temperature. Additional DMF (20 mL) was added to dilute the suspension over the course 
of the reaction. The reaction progress was monitored by thin layer chromatography. The 
reaction mixture was quenched with ice water ca.4.5 hours after the addition of the 
sodium hydride. The product was extracted into bulk dichloromethane and concentrated 
to yield a pale yellow oil. The oil was purified by column chromatography (silica gel, 
ethyl acetate / hexane1/40) to yield the diallylaniline (4-1) as a viscous colorless oil (7.96 
g, 91%). 
1
H NMR (500 MHz, CDCl3): δ 7.08 (t, J = 8.1 Hz, 1H), 6.89 – 6.82 (m, 2H), 
6.65 (dd, J = 8.4, 2.4 Hz, 1H), 5.88 (ddd, J = 15.4, 10.0, 4.7 Hz, 4H), 5.26 – 5.17 (m, 
2H), 3.96 – 3.91 (m, 4H).  13C{1H} NMR (126 MHz, CDCl3): δ 149.9, 133.2, 130.3, 
123.4, 119.1, 116.3, 115.0, 110.8, 52.7; HRMS (EI): m/z calcd for C12H14NBr, 252.1503 
found: 251.0310. Appendix II: 82-83.  
Synthesis of 3-bromo-N,N-diallylaniline (4-1) using potassium carbonate. To a 
suspension of potassium carbonate (11.06 g, 80 mmol) in acetonitrile (100 mL) were 
added 3-bromoaniline (4.36 ml, 40 mmol) and allyl bromide (12.2 mL, 141 mmol). The 
reaction mixture was stirred overnight at 80 oC. The clear, light orange reaction was 
allowed to cool to room temperature. After cooling, the mixture was flitered through a 
celite pad using ethyl acetate. The solvent was evaporated to yield a brown liquid. The oil 
was purified by column chromatography (silica gel, ethyl acetate / hexane1/40) to yield 
the diallylaniline (4-1) as a viscous colorless oil (8.00 g, 79%). 
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Synthesis of bis(2-bromo-4-N,N-diallylaminophenyl)methane (4-2) 
(4-2) 
To a solution of 3-bromo-N,N-diallylaniline (0.506 g, 2.01 mmol) in acetic acid (5 mL) 
was added 37% formaldehyde (0.791 mL, 10.0 mmol) in one portion. The colorless 
solution was stirred at 80 oC for 75 minutes. After cooling to room temperature, the 
orange reaction mixture was neutralized with saturated aqueous sodium bicarbonate (4.22 
g, 50.2 mmol) and aqueous sodium hydroxide (2.01 g, 50.2 mmol). The product mixture 
was extracted into bulk dichloromethane. The organic layer was washed with brine, dried 
over Na2SO4, filtered, and evaporated to yield red oil. The oil was purified by column 
chromatography (silica gel, 1/30 ethyl acetate / hexane) to give the diaryl methane (4-2) 
as a viscous pale yellow oil (0.483 g, 47%). 
1
H NMR (500 MHz, CDCl3): δ 6.92 (d, J = 
2.7 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 6.56 (dd, J = 8.6, 2.7 Hz, 2H), 5.84 (ddt, J = 17.3, 
9.8, 4.8 Hz, 4H), 5.22 – 5.14 (m, 8H), 3.98 (s, 2H), 3.91 – 3.87 (m, 8H).  13C{1H} NMR 
(126 MHz, CDCl3): δ 148.3, 133.6, 130.9, 127.0, 125.7, 116.4, 116.0, 111.7, 52.8, 39.9. 
Appendix II: 84-85. 
Attempted synthesis of bis(2-bromo-4-N,N-diallylaminophenyl)methane (4-2) by the 
drop-wise addition of formaldehyde. To a solution of 3-bromo-N,N-diallylaniline (1.00 
g, 3.97 mmol) in acetic acid (10 mL) was added 37% formaldehyde (1.56 mL, 19.8 
mmol) drop-wise over a period of 10 minutes. The colorless solution was stirred at 80 oC 
for 75 minutes. After cooling to room temperature, the orange reaction mixture was 
neutralized with saturated aqueous sodium bicarbonate (8.33 g, 99.0 mmol) and aqueous 
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sodium hydroxide (3.97 g, 99.0 mmol). The product mixture was extracted into bulk 
dichloromethane. The organic layer was washed with brine, dried over Na2SO4, filtered, 
and evaporated to yield red oil. The oil was purified by column chromatography (silica 
gel, 1/30 ethyl acetate / hexane) to yield a trace amount of the diaryl methane (4-2). 
Synthesis of bis(2-bromo-4-N,N-diallylaminophenyl)methane (4-2) by the drop-wise 
addition of acetic acid. To 3-bromo-N,N-diallylaniline (1.77 g, 7.02 mmol) was added  
acetic acid (18  mL) drop-wise over a period of 30 minutes. After the addition was 
complete, 37% formaldehyde (2.77 mL, 35.1 mmol) was added in one portion. The 
colorless solution was stirred at 80 oC for 75 minutes. After cooling to room temperature, 
the orange reaction mixture was diluted with ice water (10 mL) and neutralized with 
saturated aqueous sodium bicarbonate (14.7 g, 175 mmol). The product mixture was 
extracted into bulk dichloromethane. The organic layer was washed with brine, dried over 
Na2SO4, filtered, and evaporated to yield pink oil. The oil was purified by column 
chromatography (silica gel, 1/30 ethyl acetate / hexane) to yield the diaryl methane (4-2) 
as a viscous pale yellow oil (0.452 g, 12%). 
Attempted synthesis of bis(2-bromo-4-N,N-diallylaminophenyl)methane (4-2) by 
reversing the equivalents of formaldehyde and diallylaniline. To a solution of 3-
bromo-N,N-diallylaniline (0.503 g, 1.99 mmol) in acetic acid (5 mL) was added 37% 
formaldehyde (0.031 mL, 0.399 mmol) in one portion. The colorless solution was stirred 
at 80 oC for 75 minutes. After cooling to room temperature, the orange reaction mixture 
was neutralized with saturated aqueous sodium bicarbonate (1.84 g, 21.9 mmol) and 
aqueous sodium hydroxide (0.877 g, 21.9 mmol). The product mixture was extracted into 
bulk dichloromethane. The organic layer was washed with brine, dried over Na2SO4, 
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filtered, and evaporated to yield red oil. The oil was purified by column chromatography 
(silica gel, 1/30 ethyl acetate / hexane) to yield a trace amount of the diaryl methane (4-
2).  
Synthesis of N,N,N',N'-tetraallyldiamino-germaanthrone (4-3) 
(4-3) 
In an oven dried flask, bis(2-bromo-4-N,N-diallylaminophenyl)methane (3.00 g, 5.81 
mmol) was dissolved in dry THF (18 mL) and flushed with argon. To the pale yellow 
solution was added dropwise, sec-butyllithium (16.6 mL, 16.6 mmol, 1.4 M in 
cyclohexane) at  -78 °C. After the addition was complete, the yellow mixture was stirred 
for 30 minutes at this temperature. A solution of diethyldichlorogermane (2.23 g, 11.0 
mmol) in dry THF (3 mL) was slowly added, drop-wise, to the lithiated reaction mixture 
which was maintained at - 78 °C. After the addition was complete, the pale yellow 
reaction mixture was allowed to gradually warm to room temperature and stirred 
overnight. The purple suspension was quenched with 2M aqueous HCl (8 mL) which 
caused the reaction mixture to immediately turn reddish blue. Stirring was continued at 
room temperature for 10 minutes during which time the solution turned greenish blue. 
The mixture was neutralized (pH 7) with aqueous sodium bicarbonate (ca.1.39 g in 20.0 
mL deionized water). The product was extracted into bulk dichloromethane which 
provided a deep blue solution. The organic layer was washed with brine, dried with 
Mg2SO4, filtered, and evaporated to yield dark blue oil. The blue oil was dissolved in 
acetone (60 mL) and the solution was cooled to 0 °C. To this solution was added 
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potassium permanganate (1.93 g, 12.2 mmol) in small portions over a 2 hour period with 
stirring. After the addition of the potassium permanganate was complete, the dark blue 
solution was stirred for 1 hour at 0 °C. After which time, the solution was diluted with 
bulk dichloromethane (60 mL), filtered, and evaporated to yield dark blue oil. The oil 
was purified by column chromatography (silica gel, dichloromethane) to give the 
tetraallyldiamino-germaanthrone (4-3) as a yellow solid (0.870 g, 30 %). 
1
H NMR (500 
MHz, CDCl3): δ 8.37 (d, J = 9.0 Hz, 2H), 6.78 (dd, J = 9.0, 2.7 Hz, 2H), 6.71 (d, J = 2.7 
Hz, 2H), 5.88 (ddt, J = 16.1, 9.6, 4.7 Hz, 4H), 5.20 (dd, J = 8.7, 7.6 Hz, 8H), 4.01 (d, J = 
4.5 Hz, 8H), 1.17 – 1.09 (m, 4H), 1.04 (t, J = 7.6 Hz, 6H). 13C{1H} NMR (126 MHz, 
CDCl3): δ 185.4, 149.9, 141.4, 133.2, 132.2, 130.8, 116.6, 115.2, 112.9, 52.8, 9.2, 6.9. 
HRMS (FAB): m/z calcd for C29H36GeN2O, 503.2124, found: 503.2107. Appendix II: 86-
87. 
Synthesis of the diamino-germaanthrone (4-4) 
(4-4) 
To an oven dried flask were added Pd(PPh3)4 (0.092 g, 0.080 mmol) and 1,3-
dimethylbarbituric acid (0.374 g, 2.394 mmol) under argon(g). Then a degassed solution 
of tetraallyldiamino-germaanthrone (0.100 g, 0.200 mmol) in dry dichloromethane (5 
mL) was added in one portion by syringe. The solution was stirred at 35 °C for 2-3 hours. 
The reaction progress was monitored using thin layer chromatography. Afterwards, the 
solvent was evaporated by vacuum and the resulting residue was added to an aqueous 
solution of sodium carbonate. The product was extracted into dichloromethane, washed 
with brine, dried over MgSO4, and evaporated to dryness. The residue was purified by 
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column chromatography (silica gel, 4/3 ethyl acetate / hexane) to give the diamino-
germaanthrone (4-4) as a yellow solid (0.0464 g, 68%). 
1
H NMR (500 MHz, CDCl3): δ 
8.34 (d, J = 7.8 Hz, 2H), 6.73 (s, 4H), 4.07 (s, 4H), 1.14 (m, 4H), 1.00 (t, J = 6.9 Hz, 6H). 
13
C{
1
H} NMR (126 MHz, CDCl3): δ 185.6, 149.0, 141.7, 132.8, 132.6, 117.9, 115.8, 9.1, 
6.8. Appendix II: 88-89. 
Attempted synthesis of dihydroxy-germaanthrone (4-5) 
(4-5) 
A solution of diamino-germaanthrone (0.049 g, 0.144 mmol) was dissolved in 6N 
sulfuric acid (45mL, which had been diluted with methanol) and cooled to 0 °C. A 
solution of sodium nitrite (0.071 g, 1.03 mmol) in water (2 mL) was slowly added such 
that the temperature was maintained between 0 - 2 °C throughout the addition. After the 
addition was complete, the mixture was stirred for 1 hour at 0 °C. Then the mixture was 
added to a boiling solution of aqueous 1N sulfuric acid (50 mL). After the addition was 
complete, the mixture was allowed to reflux for 10 minutes. After cooling to room 
temperature, the resulting mixture was extracted into dichloromethane. The organic layer 
was washed with brine, dried over MgSO4, and evaporated to dryness. The residue was 
purified by column chromatography (silica gel, 1/20 methanol / dichloromethane) to yield 
a yellow solid (0.017 g, 36 %). No products were identified within the mixture. 
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Appendix I-1: 1,4-bis(trimethylsilyl)-2,3-diphenylbutadiene (2-15) 
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 (2-15) 
formula C22H30Si2 
fw 350.64 
crystal size/mm 0.267 × 0.352 × 0.178 
crystal syst triclinic 
space group P-1 
a/Å 5.9787(4) 
b/Å 9.9132(6) 
c/Å 18.5519(11) 
α/deg 77.069(4) 
β/deg 86.748(4) 
γ/deg 81.278(4) 
V/Å
3
 1058.96(11) 
Dcalcd/g cm
-3
 1.100 
Z 2 
abs coeff/mm
-1
 0.168 
θ range/deg 1.13 to 28.93 
reflns collected/indep reflections 21615 / 5579 
abs correct multi-scan 
max. and min. transmn 0.7458 and 0.6259 
final R indices [I > 2σ(I)] 0.0888 
R indices (all data) 0.1180 
 
Appendix I-2: Crystal parameters for 1,4-bis(trimethylsilyl)-2,3- diphenylbutadiene (2-
15) 
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Appendix I-3: 1,1-bis(4-(trifluoromethyl)phenyl)-2,3,4,5-tetraphenylgermole (2-16)  
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 (2-16) 
Solvent system  
formula C46H28F6Ge 
fw 767.34 
cryst size/mm 0.40 × 0.50 × 0.70 
cryst syst monoclinic 
space group C2/c 
a/Å 28.301(8) 
b/Å 11.096(2) 
c/Å 24.710(5) 
α/deg 90 
β/deg 94.02(3) 
γ/deg 90 
V/Å
3
 7741(3) 
Dcalcd/g cm
-3
 1.317 
Z 8 
abs coeff/mm
-1
 0.849 
θ range/deg 1.44 to 25.07 
reflns collected/indep reflns 24891/6807 
[R(int) = 0.045] 
abs correct numerical 
max. and min. transm 0.7454 and 0.6224 
final R indices [I>2σ(I)] 0.0420 
R indices (all data) 0.1459 
largest diff peak and hole/e Å
-3
 0.33 and -0.40 
 
Appendix I-4: Crystal parameters for 1,1-bis(4-(trifluoromethyl)phenyl)-2,3,4,5-
tetraphenylgermole (2-16) 
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Appendix I-5: 1,1-bis((4-phenoxyphenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-17) 
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 (2-17) 
Solvent system  
formula C56H38GeO2 
fw 815.51 
cryst size/mm 0.17 × 0.19 × 0.21 
cryst syst monoclinic 
space group C2/c 
a/Å 24.2228(2) 
b/Å 10.2163(1) 
c/Å 16.7527(2) 
α/deg 90 
β/deg 98.971(1) 
γ/deg 90 
V/Å
3
 4095.03(7) 
Dcalcd/g cm
-3
 1.323 
Z 4 
abs coeff/mm
-1
 0.792 
θ range/deg 1.702 to 29.684 
reflns collected/indep 
reflns 
43667/5803 
[R(int) = 0.043] 
abs correct numerical 
max. and min. transm 0.7459 and 0.6711 
final R indices [I>2σ(I)] 0.0314 
R indices (all data) 0.0827 
largest diff peak and hole/e 
Å
-3
 
0.60 and -0.80 
 
Appendix I-6: Crystal parameters for 1,1-bis((4-phenoxyphenyl)ethynyl)-2,3,4,5-
tetraphenylgermole (2-17) 
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Appendix I-7: 1,1-bis(p-tolylethynyl)-2,3,4,5-tetraphenylgermole (2-18) 
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 (2-18) 
Solvent system  
formula C46H34Ge 
fw 659.37 
cryst size/mm 0.18 × 0.18 × 0.24 
cryst syst triclinic 
space group P1 
a/Å 11.1656(1) 
b/Å 11.1669(1) 
c/Å 16.1687(2) 
α/deg 93.042(1) 
β/deg 108.810(1) 
γ/deg 111.556(1) 
V/Å
3
 1740.84(4) 
Dcalcd/g cm
-3
 1.258 
Z 2 
abs coeff/mm
-1
 0.911 
θ range/deg 1.356 to 33.974 
reflns collected/indep reflns 45433/13173 
[R(int) = 0.036] 
abs correct numerical 
max. and min. transm 0.7467 and 0.6829 
final R indices [I>2σ(I)] 0.0335 
R indices (all data) 0.1243 
largest diff peak and hole/e Å
-3
 0.73 and -0.94 
 
Appendix I-8: Crystal parameters for 1,1-bis(p-tolylethynyl)-2,3,4,5-tetraphenylgermole 
(2-18) 
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Appendix I-9: 1,1-bis((4-methoxyphenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-20) 
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 (2-20) 
Solvent system  
formula C50H42GeO3 
fw 763.47 
cryst size/mm 0.24 × 0.30 × 0.34 
cryst syst monoclinic 
space group P21/n 
a/Å 13.2433(1) 
b/Å 18.0730(2) 
c/Å 16.1476(2) 
α/deg 90 
β/deg 92.425(1) 
γ/deg 90 
V/Å
3
 3861.41(7) 
Dcalcd/g cm
-3
 1.313 
Z 4 
abs coeff/mm
-1
 0.837 
θ range/deg 1.692 to 32.294 
reflns collected/indep reflns 98793/13676 
[R(int) = 0.043] 
abs correct numerical 
max. and min. transm 0.7464 and 0.6416 
final R indices [I>2σ(I)] 0.0434 
R indices (all data) 0.1537 
largest diff peak and hole/e Å
-3
 3.17 and -1.22 
 
Appendix I-10: Crystal parameters for 1,1-bis((4-methoxyphenyl)ethynyl)-2,3,4,5-
tetraphenylgermole (2-20) 
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Appendix I-11: 1,1-bis(4-(trifluoromethoxy)phenyl)-2,3,4,5-tetraphenylgermole (2-21) 
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 (2-21) 
formula C46H28F6GeO2 
fw 799.27 
crystal size/mm 0.429 × 0.311 × 0.092 
crystal syst monoclinic 
space group Pc 
a/Å 10.6743(4) 
b/Å 30.4150(13) 
c/Å 11.7480(5) 
α/deg 90 
β/deg 98.169(2) 
γ/deg 90 
V/Å
3
 3775.4(3) 
Dcalcd/g cm
-3
 1.406 
Z 4 
abs coeff/mm
-1
 0.879 
θ range/deg 0.67 to 26.41 
reflns collected/indep reflections 41754 / 7577 
abs correct multi-scan 
max. and min. transmn 0.7454 and 0.5909 
final R indices [I > 2σ(I)] 0.0844 
R indices (all data) 0.0928 
 
Appendix I-12: Crystal parameters for 1,1-bis(4-(trifluoromethoxy)phenyl)-2,3,4,5-
tetraphenylgermole (2-21) 
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Appendix I-13: 1,1-bis(thiophen-3-ylethynyl)-2,3,4,5-tetraphenylgermole (2-22) 
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 (2-22) 
Solvent system  
formula C40H26GeS2 
fw 643.37 
cryst size/mm 0.18 × 0.24 × 0.28 
cryst syst monoclinic 
space group P21/n 
a/Å 9.4478(1) 
b/Å 18.0622(2) 
c/Å 18.7168(2) 
α/deg 90 
β/deg 101.252(1) 
γ/deg 90 
V/Å
3
 3132.59(6) 
Dcalcd/g cm
-3
 1.364 
Z 4 
abs coeff/mm
-1
 1.139 
θ range/deg 1.582 to 33.950 
reflns collected/indep reflns 81217/12163 
[R(int) = 0.028] 
abs correct numerical 
max. and min. transm 0.7467 and 0.6733 
final R indices [I>2σ(I)] 0.0414 
R indices (all data) 0.1269 
largest diff peak and hole/e Å
-3
 2.58 and -1.77 
 
Appendix I-14: Crystal parameters for 1,1-bis(thiophen-3-ylethynyl)-2,3,4,5-
tetraphenylgermole (2-22) 
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Appendix I-15: 1,1-bis((3-fluorophenyl)ethynyl)-2,3,4,5-tetraphenylgermole (2-23) 
 
 
 
 
 
 
a) 
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 (2-23) 
formula C44H28F2Ge 
fw 667.29 
crystal size/mm 0.32 × 0.33 × 0.38 
crystal syst triclinic 
space group  
a/Å 10.555(2) 
b/Å 11.095(2) 
c/Å 15.680(3) 
α/deg 92.23(3) 
β/deg 104.77(3) 
γ/deg 113.52(3) 
V/Å
3
 1607.5(8) 
Dcalcd/g cm
-3
 1.379 
Z 2 
abs coeff/mm
-1
 0.996 
θ range/deg 1.36 to 34.02 
reflns collected/indep reflections 
50264/12224 
[R(int) = 0.027] 
abs correct numerical 
max. and min. transmn 0.7467 and 0.6576 
final R indices [I > 2σ(I)] 0.0395 
R indices (all data) 0.1121 
 
 
Appendix I-16: Crystal parameters for 1,1-bis((3-fluorophenyl)ethynyl)-2,3,4,5-
tetraphenylgermole (2-23) 
 P 1 
302 
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Appendix I-17: 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
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303 
 
 (2-10) 
formula C36H26Ge 
fw 531.16 
crystal size/mm 0.357 × 0.235 × 0.144 
crystal syst monoclinic 
space group P21/c 
a/Å 12.1631(15) 
b/Å 19.192(2) 
c/Å 23.219(3) 
α/deg 90 
β/deg 92.084(7) 
γ/deg 90 
V/Å
3
 5416.7(11) 
Dcalcd/g cm
-3
 1.303 
Z 8 
abs coeff/mm
-1
 1.154 
θ range/deg 1.38 to 25.14 
reflns collected/indep reflections 79186 / 9660 
abs correct multi-scan 
max. and min. transmn 0.7452 and 0.5340   
final R indices [I > 2σ(I)] 0.0326 
R indices (all data) 0.0493 
 
Appendix I-18: Crystal parameters for 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
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Appendix I-19: 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29) 
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 (2-29) 
formula C34H26Ge 
fw 507.14 
crystal size/mm 1 × 0.41 × 0.14 
crystal syst monoclinic 
space group P21/c 
a/Å 16.4694(15) 
b/Å 6.1919(6) 
c/Å 24.528(2) 
α/deg 90 
β/deg 91.644(3) 
γ/deg 90 
V/Å
3
 2500.3(4) 
Dcalcd/g cm
-3
 1.347 
Z 4 
abs coeff/mm
-1
 1.246 
θ range/deg 1.66 to 25.92 
reflns collected/indep reflections 20143 / 4829 
abs correct multi-scan 
max. and min. transmn 0.7453 and 0.5297   
final R indices [I > 2σ(I)] 0.0349 
R indices (all data) 0.0525 
 
Appendix I-20: Crystal parameters for 1-hydrido-1,2,3,4,5-pentaphenylgermole (2-29) 
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Appendix I-21: 2,7-dibromo-3,6-dimethoxy-9,9-diphenylgermafluorene (3-3) 
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307 
 
 (3-3) 
formula C26H20O2GeBr2 
fw 596.83 
crystal size/mm 0.36 × 0.346 × 0.328 
crystal syst monoclinic 
space group P21/c 
a/Å 9.2118(2) 
b/Å 22.2149(4) 
c/Å 11.4542(2) 
α/deg 90 
β/deg 98.4790(10) 
γ/deg 90 
V/Å
3
 2318.36(8) 
Dcalcd/g cm
-3
 1.710 
Z 4 
abs coeff/mm
-1
 4.789 
θ range/deg 1.83 to 28.31 
reflns collected/indep reflections 38857 / 5681 
abs correct multi-scan 
max. and min. transmn 0.7457 and 0.5290 
final R indices [I > 2σ(I)] 0.0294 
R indices (all data) 0.0473 
 
Appendix I-22: Crystal parameters for 2,7-dibromo-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-3) 
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Appendix I-23: 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-
diphenylgermafluorene (3-14) 
 
 
 
 
309 
 
309 
 
 
 
 (3-14) 
formula C44H28GeO2F6 
fw 775.25 
crystal size/mm 0.269 × 0.121 × 0.082 
crystal syst monoclinic 
space group C2/c 
a/Å 25.7576(9) 
b/Å 11.1305(4) 
c/Å 13.6310(5) 
α/deg 90 
β/deg 114.1283(19) 
γ/deg 90 
V/Å
3
 3566.5(2) 
Dcalcd/g cm
-3
 1.444 
Z 4 
abs coeff/mm
-1
 0.928 
θ range/deg 1.73 to 26.38 
reflns collected/indep reflections 29612 / 3653 
abs correct multi-scan 
max. and min. transmn 0.7454 and 0.6681 
final R indices [I > 2σ(I)] 0.0323 
R indices (all data) 0.0381 
 
Appendix I-24: Crystal parameters for 2,7- bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-
dimethoxy-9,9-diphenylgermafluorene (3-14) 
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Appendix I-25: 2,7-bis((4-(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene 
(3-15) 
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311 
 
 (3-15) 
formula C54H38O2Ge 
fw 791.43 
crystal size/mm 0.163 × 0.161 × 0.036 
crystal syst monoclinic 
space group P21/c 
a/Å 11.293(2) 
b/Å 11.867(3) 
c/Å 29.487(6) 
α/deg 90 
β/deg 91.754(7) 
γ/deg 90 
V/Å
3
 3949.7(14) 
Dcalcd/g cm
-3
 1.100 
Z 4 
abs coeff/mm
-1
 0.819 
θ range/deg 1.8 to 25.07 
reflns collected/indep reflections 29136 / 7006 
abs correct multi-scan 
max. and min. transmn 0.7452 and 0.6342 
final R indices [I > 2σ(I)] 0.1082 
R indices (all data) 0.2667 
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 (3-7) 
formula C24H16GeBr2 
fw 536.78 
crystal size/mm 0.417 × 0.238 × 0.167 
crystal syst monoclinic 
space group P21/n 
a/Å 6.2875(4) 
b/Å 41.709(3) 
c/Å 15.9220(10) 
α/deg 90 
β/deg 99.109(4) 
γ/deg 90 
V/Å
3
 4122.8(5) 
Dcalcd/g cm
-3
 1.730 
Z 8 
abs coeff/mm
-1
 5.368 
θ range/deg 0.98 to 25.48 
reflns collected/indep reflections 88274 / 7568 
abs correct multi-scan 
max. and min. transmn 0.7452 and 0.4578 
final R indices [I > 2σ(I)] 0.0914 
R indices (all data) 0.1136 
 
Appendix I-28: Crystal parameters for 3,6-Dibromo-9,9-diphenylgermafluorene (3-7) 
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Appendix II-27: The 
1
H NMR (500 MHz, CDCl3) spectrum of 1-chloro-1,2,3,4,5-
pentaphenylgermole (2-9) with the Grignard reagent 
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Appendix II-28: The 
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C{H} NMR (126 MHz, CDCl3) spectrum of 1-chloro-1,2,3,4,5-
pentaphenylgermole (2-9) with the Grignard reagent 
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Appendix II-29: The 
1
H NMR (500 MHz, CDCl3) spectrum of 1-ethynyl-1,2,3,4,5-
pentaphenylgermole (2-10) 
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1,2,3,4,5-pentaphenylgermole (2-10) 
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Appendix II-31: Comparison of the aromatic resonances in the 
1
H NMR (500 MHz, 
CDCl3) spectra between (2-9) and the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-10) 
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Appendix II-32: Comparison of the aromatic resonances in the 
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MHz, CDCl3) spectra between (2-9) and the 1-ethynyl-1,2,3,4,5-pentaphenylgermole (2-
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Appendix II-33: The 
1
H NMR (500 MHz, CDCl3) spectrum of the 1-hydrido-1,2,3,4,5-
pentaphenylgermole (2-29) 
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Appendix II-34: The aromatic regions of the 
1
H NMR (500 MHz, CDCl3) spectra for 1-
hydrido-1,2,3,4,5-pentaphenylgermole (2-29) and 1-chloro-1,2,3,4,5-pentaphenylgermole 
(2-9) 
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H} NMR (126 MHz, CDCl3) spectra of the 1-hydrido-
1,2,3,4,5-pentaphenylgermole (2-29) and 1-chloro-1,2,3,4,5-pentaphenylgermole (2-9) 
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Appendix II-37: A comparison of the 
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Appendix II-40: 
1
H NMR (500 MHz, CDCl3) of 4-((Trimethysilyl)ethynyl)phenyl-3,3-
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Appendix II-42: 
1
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H} NMR (126 MHz, CDCl3) spectrum of 4-ethynylphenyl-3,3-
diethyltriazene (2-15) 
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H NMR (500 MHz, CDCl3) of 4, 4'-dibromo-3, 3'-dimethoxybiphenyl 
(3-1) 
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Appendix II-45: The 
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H} NMR (126 MHz, CDCl3) of 4,4'-dibromo-3,3'-
dimethoxybiphenyl (3-1) 
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Appendix II-46: 
1
H NMR (500 MHz, CDCl3) of 4,4'-dibromo-6,6'-diiodo-3,3'-
dimethoxybiphenyl (3-2) 
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H} NMR(126 MHz, CDCl3) of 4,4'-dibromo-6,6'-diiodo-3,3'-
dimethoxybiphenyl (3-2) 
  
371 
 
371 
 
 
Appendix II-48: The 
1
H NMR (500 MHz, CDCl3) of 2, 7-dibromo-3, 6-dimethoxy-9, 9-
diphenyl-germafluorene (3-3) 
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Appendix II-49: The 
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H} NMR (126 MHz, CDCl3) of 2,7-dibromo-3,6-dimethoxy-
9,9-diphenylgermafluorene (3-3) 
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Appendix II-50: The 
1
H NMR (500 MHz, CDCl3) of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane-2-yl)-3,6-dimethoxy-9,9’-diphenylgermafluorene (3-8) 
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Appendix II-51: The 
13
C{
1
H} NMR (126 MHz, CDCl3) of 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane-2-yl)-3,6-dimethoxy-9,9’-diphenylgermafluorene (3-8) 
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Appendix II-52: The 
1
H NMR (500 MHz, CDCl3) of 2,7-bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
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Appendix II-53: Comparison of the 
1
H NMR (500 MHz, CDCl3) spectrum of 2,7-bis((4-
(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) and 
the starting material (3-3) 
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Appendix II-54: Comparison of the 
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bis((4-(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-
14) and the starting material (3-3) 
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(trifluoromethyl)phenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-14) 
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1
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(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15) 
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Appendix II-57: Comparison of the 
1
H NMR (500 MHz, CDCl3) spectra of 2,7-bis((4-
(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15) and the starting 
material (3-3) 
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Appendix II-58: Comparison of the aromatic region of the 
1
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spectra of 2,7-bis((4-(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-
15) and the starting material (3-3) 
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Appendix II-59: The 
1
H NMR (500 MHz, CDCl3) spectra of 2,7-bis((4-
(biphenyl)ethynyl)-3,6-dimethoxy-9,9-diphenylgermafluorene (3-15)   
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Appendix II-60: The 
1
H NMR (600 MHz, CDCl3) spectrum of 2,2’-dibromobiphenyl (3-
4) 
  
384 
 
384 
 
 
Appendix II-61: The 
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H} NMR (151 MHz, CDCl3) spectrum of 2,2’-
dibromobiphenyl (3-4) 
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H NMR (600 MHz, CDCl3) spectrum of  
2,2’-diiodobiphenyl (3-5) 
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Appendix II-63: 
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2,2’-diiodobiphenyl (3-5) 
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Appendix II-64: The 
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H NMR (600 MHz, CDCl3) spectrum of 5,5’-dibromo-2,2’-
diiodobiphenyl (3-6) 
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Appendix II-65: The 
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diiodobiphenyl (3-6) 
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Appendix II-66: The 
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dibromogermafluorene (3-7)  
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Appendix II-67: The 
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H} NMR (126 MHz, CDCl3) spectrum of 9,9’-diphenyl-3,6-
dibromogermafluorene (3-7) 
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Appendix II-68: The 
1
H NMR (500 MHz, CDCl3) spectrum of the 3,6-diboronic ester 
(3-9) 
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Appendix II-69: The 
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NMR (126 MHz, CDCl3) spectrum of the 3,6- diboronic 
ester (3-9) 
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Appendix II-70: The 
1
H NMR (500 MHz, CDCl3) spectrum of the 3,6-bis((4-
(trifluoromethyl)phenyl)ethynyl)-9,9-diphenylgermafluorene (3-16) 
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(trifluoromethyl)phenyl)ethynyl)-9,9-diphenylgermafluorene (3-16) 
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Appendix II-72: The 
1
H NMR (500 MHz, CDCl3) spectrum of N,N-diphenyl-N-(4-
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Appendix II-73: The 
1
H NMR (500 MHz, CDCl3) spectrum of 4-
(Ethynylphenyl)diphenylaniline (3-10) 
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Appendix II-74: The 
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(Ethynylphenyl)diphenylaniline (3-10) 
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Appendix II-75: The 
1
H NMR (500 MHz, CDCl3) spectrum of 3,6- bis(((N,N-
diphenylaniline)phenyl)ethynyl))-9,9-diphenylgermafluorene (3-17) 
 
399 
 
399 
 
 
Appendix II-76: Comparison of the 
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diphenylaniline)phenyl)ethynyl))-9,9-diphenylgermafluorene (3-17) 
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Appendix II-78: The 
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H NMR (500 MHz, CDCl3) spectrum of 2-(4-bromobenzylidene) 
malononitrile (3-12) 
  
402 
 
402 
 
 
Appendix II-79: The 
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H} NMR (126 MHz, CDCl3) spectrum of 2-(4-
bromobenzylidene)malononitrile (3-12) 
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Appendix II-80: The 
1
H NMR (500 MHz, CDCl3) spectrum of 1-(4-bromophenyl) -
1,1,2-triphenylethene (3-21) 
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Appendix II-81: The 
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H} NMR (126 MHz, CDCl3) spectrum of 1-(4-bromophenyl) 
-1,1,2-triphenylethene (3-21) 
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Appendix II-82: The 
1
H NMR (500 MHz, CDCl3) spectrum of 3-bromo-N,N-
diallylaniline (4-1) 
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H} NMR (126 MHz, CDCl3)  spectrum of 3-bromo-N,N-
diallylaniline (4-1) 
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1
H NMR (500 MHz, CDCl3) spectrum of Bis(2-bromo-4-N,N-
diallylaminophenyl)methane (4-2) 
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N,N-diallylaminophenyl)methane (4-2) 
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Appendix II-86: The 
1
H NMR (500 MHz, CDCl3) spectrum of N,N,N',N'-
tetraallyldiamino-germaanthrone (4-3) 
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Appendix II-87: The 
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H} NMR (126 MHz, CDCl3) spectrum of N,N,N',N'-
tetraallyldiamino-germaanthrone (4-3) 
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Appendix II-88: The 
1
H NMR (500 MHz, CDCl3) spectrum of Diamino-germaanthrone 
(4-4) 
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Appendix II-89: The 
13
C{
1
H} NMR (126 MHz, CDCl3) spectrum of Diamino-
germaanthrone (4-4) 
* Residual ethyl acetate (solvent) is present 
